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Editorial on the Research Topic 
Pharmacological Approaches targeting neutrophilic inflammation: Volume II


Neutrophils are essential for maintaining homeostasis and the functioning of the innate immune system. Neutrophils are the first immune cells to respond, and they release numerous types of substances that are crucial for eliminating microbes. However, it can also result in collateral tissue damage if neutrophilic activity is overdone. Thus, regulation of neutrophilic activity is of great importance for the treatment of many pathological conditions. The Research Topic aims to highlight the ongoing advancement in the pharmacological approaches targeting neutrophilic inflammation.
Many acute and chronic lung disorders are accompanied by increased neutrophilic infiltration. Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are the main causes of acute respiratory failure in seriously ill patients, with critical role of neutrophils in epithelial and endothelial dysfunction. It is not surprising that nearly half of the papers on this Research Topic are devoted to inflammatory diseases of the respiratory tract.
Earlier studies has demonstrated increased levels of the pro-fibrotic, ß-galactoside-binding lectin Galectin-3, which is involved in neutrophils recruitment and stimulation, increased in the lungs during ALI (Humphries et al., 2021). It has been suggested that Galectin-3 inhibition may be a promising therapeutic approach in the treatment of ALI. In this Research Topic, the same research group by Humphries et al. reported that the Galectin-3 inhibitor GB0139 reduced inflammation and decreased neutrophil activation in an ALI model. GB0139 inhibited neutrophil recruitment in LPS-induced lung inflammation while accelerating neutrophil apoptosis. The study supports the development of Galectin-3 inhibitors as a therapeutic agent for the treatment of ALI.
In asthma, airways neutrophils recruitment and neutrophil extracellular traps (NETs) formation are associated with disease severity (Janssen et al., 2022), and neutrophilic asthma is poorly controlled by conventional therapy. Kim et al. have explored targeting of extracellular traps formed by host DNA of leukocyte origin to inhibit inflammatory asthma. The authors found that microRNA (miR)-155 regulated the release of extracellular traps. The level of miR-155 was increased in asthma and the inhibition of miR-155 mitigated neutrophilic asthma.
The pharmacological approach to ALI treatment by classical Chinese medicine Qing-Jin-Hua-Tang-Decoction (QJHTD) was conducted by Xiao et al. Network pharmacology with experimental validation identified the active components, effective targets and potential mechanisms of action of QJHTD in ALI. Some components prevented thrombosis in ALI. Direct binding to thrombin and inhibition of its activity in micromolar range was evidenced for baicalein, wogonin, and baicalin. Interestingly, QJHTD also inhibited NETs formation. The formation of NETs containing chromatin makes a significant contribution to antimicrobial protection but also to the pathogenesis of various inflammatory diseases. In particular, excessive NETs formation has been shown to play an important role in ALI and coronavirus disease 2019 (COVID-19) (Cesta et al., 2021) (Scozzi et al., 2022).
Hyperinflammation in COVID-19 is characterized by elevated blood levels of neutrophils and neutrophil activation, accompanied by hypercoagulability and blood clotting, which is the main cause of death in this disease. The urgent task is the search for possible approaches to reduce the pro-inflammatory functions of neutrophils while preserving their protective functions. Masso-Silva et al. have found, that intravenous immunoglobulin (IVIG) reduced neutrophil inflammatory pathways in patients with COVID-19. IVIG was shown to dose-dependently inhibit NETs production and oxidative burst but did not affect ex vivo neutrophil phagocytosis. Plasma levels of both extracellular DNA and neutrophil elastase in patients with COVID-19 were significantly lower after IVIG treatment. These findings present a new perspective for the application of neutrophil modulators to the therapeutic repertoire of COVID-19.
In severe COVID-19, neutrophils play an important role in the pathogenesis of ARDS, vascular disease, and sepsis (Ventura-Santana et al., 2022). Huang et al. presented an interesting report on the protective effects of d-tagatose in ARDS model induced by oleic acid in rats, as a basis for the development of new therapeutic approaches. d-tagatose improved oxygenation function, reduced respiratory acidosis, improved vascular permeability, and maintained the stability of the alveolar structure.
Chronic viral infections induce sustained inflammatory cytokine signaling and oxidative stress that are associated with atherogenesis. However, the impact of hyperinflammation in COVID-19 on atherogenesis remains unclear. The study by Nie et al. showed that circulating endotoxin levels and intestinal neutrophil elastase activity positively correlated with the progression of atherosclerosis in patients. The selective neutrophil elastase inhibitor sivelestat reduced intestinal permeability and endotoxemia in Apo E−/− atherosclerotic mice. In conclusion, application of sivelestat was proposed as a promising approach to the treatment of atherosclerosis and the protection of intestinal homeostasis, which plays a critical role in pathogenesis of atherosclerosis.
Neonatal neutrophils are less sensitive to many stimuli, making children more susceptible to sepsis than adults (Fleischmann-Struzek et al., 2018). The role of checkpoint inhibitor proteins in the immune response to sepsis in both adults and neonates is reviewed by Hensler et al. The authors point out to significant gaps in the management of neonatal sepsis and suggest that checkpoint inhibitor proteins such as PD-1, PD-L1, VISTA, and HVEM may be useful for the diagnosis and treatment of patients with sepsis.
Neutrophils are involved in defense mechanisms against microbial pathogens via phagocytosis and ROS production. At the same time, neutrophils may also be involved in the pathogenesis of some infections by inducing oxidative stress, releasing toxic granules and NETs. The role of neutrophils in malaria infection has been reviewed by Babatunde and Adenuga. The malaria parasite is known to inhibit the antimicrobial functions of neutrophils, making malaria patients more susceptible to secondary opportunistic Salmonella infections. Hemolysis of red blood cells in malaria is responsible for the inhibition of phagocytosis, ROS production and neutrophil migration. The authors discussed some conflicting data on the use of murine models to study the role of neutrophils in malaria.
Bacterial infections remain the leading cause of death, and pharmacological approaches to enhance phagocytosis are in high demand. Jacob S. Brenner and colleagues recently published the study identifying the properties of nanoparticle leading to neutrophil tropism in inflamed lungs (Myerson et al., 2022). In continuation to these studies, Rubey et al. developed an approach to enhance bacterial neutrophil phagocytosis. The authors studied a wide class of neutrophil-tropic nanoparticles and demonstrated that they enhance phagocytosis and enter the same sites as bacteria inside neutrophils. It has been suggested that these nanoparticles can serve as useful drug carriers to alleviate bacterial diseases.
The regulatory role of microRNAs (miRNAs) in phagocytosis has been reviewed by Wang et al. The authors noticed that the effects of miRNAs on neutrophils and macrophages are highly environmentally dependent and formulated further steps to determine the therapeutic utility of miRNAs.
In summary, the papers in this topic issue illustrate the involvement of neutrophils in various pathologies and the role of neutrophils in host immunity (Scheme 1).
[image: Scheme 1]SCHEME 1 | Pharmacological approaches targeting neutrophilic inflammation.
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Emerging evidence suggests that atherosclerosis, one of the leading phenotypes of cardiovascular diseases, is a chronic inflammatory disease. During the atherosclerotic process, immune cells play critical roles in vascular inflammation and plaque formation. Meanwhile, gastrointestinal disorder is considered a risk factor in mediating the atherosclerotic process. The present study aimed to utilize sivelestat, a selective inhibitor of neutrophil elastase, to investigate its pharmacological benefits on atherosclerosis and disclose the gastrointestinal–vascular interaction. The activation of intestinal neutrophil was increased during atherosclerotic development in Western diet-fed ApoE-/- mice. Administration of sivelestat attenuated atherosclerotic phenotypes, including decreasing toxic lipid accumulation, vascular monocyte infiltration, and inflammatory cytokines. Sivelestat decreased intestinal permeability and endotoxemia in atherosclerotic mice. Mechanistically, sivelestat upregulated the expression of zonula occludens-1 in the atherosclerotic mice and recombinant neutrophil elastase protein-treated intestinal epithelial cells. Meanwhile, treatment of sivelestat suppressed the intestinal expression of inflammatory cytokines and NF-κB activity. In contrast, administration of lipopolysaccharides abolished the anti-atherosclerotic benefits of sivelestat in the Western diet-fed ApoE-/- mice. Further clinical correlation study showed that the circulating endotoxin level and intestinal neutrophil elastase activity were positively correlated with carotid intima-medial thickness in recruited subjects. In conclusion, sivelestat had pharmacological applications in protection against atherosclerosis, and intestinal homeostasis played one of the critical roles in atherosclerotic development.
Keywords: atherosclerosis, sivelestat, intestinal permeability, endotoxemia, inflammation
INTRODUCTION
Atherosclerosis, one of the major phenotypes of cardiovascular diseases (CVDs), is the leading cause of cardiovascular morbidity and mortality (Libby et al., 2016). It is associated with increased vascular inflammation and plaque formation. Recently, emerging studies have disclosed the potential crosstalk between the cardiovascular system and gastrointestinal homeostasis (Cani et al., 2007; Pendyala et al., 2012). In patients with atherosclerosis, there was obvious induction of plasma endotoxin activity, which was accompanied by intestinal injuries (Pendyala et al., 2012). Administration of intestinal toxic lipopolysaccharides (LPS) accelerated vascular inflammation and atherosclerotic plaque formation by eliminating anti-atherosclerotic benefits of healthy intestinal bacteria in apolipoprotein (Apo) E-deficient mice (Jin Li et al., 2016). Trimethylamine N-oxide (TMAO), a product of intestinal microorganisms, could promote the atherosclerosis process and accelerate the pathological process of cerebrovascular diseases (Wang et al., 2015). Apo A-I, synthesized in small intestinal cells, was a potential target for protection against atherosclerosis (Chen et al., 2020). Therefore, targeting intestinal homeostasis has therapeutic benefits in combating atherosclerosis.
Structural disorders of the gastrointestinal system mainly involve disruption of intestinal permeability, leakage of toxic substances into circulation, and a consequent inflammatory response (Andreasen et al., 2008). In patients with cardiovascular diseases, the intestinal barrier was disrupted, whereas circulating toxic factors were remarkably upregulated (Kim et al., 2018; Noval Rivas et al., 2019). Western diet-induced atherosclerotic mice exhibited abnormal intestinal permeability, but improvement of intestinal permeability could alleviate diet-induced intestinal disorders and atherosclerotic plaque formation (Jin Li et al., 2016; Zhu et al., 2018). Mechanistic studies identified intestinal epithelial zonulin proteins, majorly controlled by zonula occludens-1 (ZO-1), and determined the intestinal permeability (Fasano, 2011; Carrera-Bastos et al., 2018). The circulating level of zonulin was closely associated with plasma endotoxin concentrations in patients with myocardial infarction (Carrera-Bastos et al., 2018). Western diet-induced atherosclerotic mice had a lower expression of intestinal ZO-1 but severe endotoxemia (Jin Li et al., 2016). Meanwhile, the biogenesis and activity of intestinal epithelial ZO-1 were dampened by the local intestinal and systemic inflammation. In patients with immune diseases, the tight junction integrity was severely disrupted by the upregulation of the inflammatory response (Fasano, 2011). All these previous findings supported the fact that intestinal tight junction and endotoxin were potential critical mediators during atherosclerosis development.
Sivelestat, with the formula of C20H22N2O7S, is one of the selective neutrophil elastase inhibitors for alleviating acute respiratory distress syndrome (Kawabata et al., 1991). For COVID-19 treatment, sivelestat also exhibited therapeutic benefits in recovering some patients with severe symptoms (Sahebnasagh et al., 2020). More recently, administration of sivelestat suppressed the endotoxin-induced neutrophil activity in vitro (Okeke et al., 2020). Multiple studies have supported excessive intestinal accumulation of neutrophil elastase; one of key neutrophil serine proteinases injured the mucosal structure and debilitated intestinal diseases, such as the thrombotic tendency (Maloy and Powrie, 2011; Li et al., 2020). Besides, neutrophil elastase exacerbated cardiovascular diseases (Warnatsch et al., 2015; Wen et al., 2018). Therefore, targeting neutrophil elastase by sivelestat had potential pharmacological benefits in improving the inflammatory response and related systemic diseases.
The present study aimed to utilize sivelestat to disclose the crosstalk between intestinal neutrophils and atherosclerotic development. Atherosclerotic Apo E-/- mice were administered sivelestat, and we further investigated its pharmacological effects on atherosclerotic development and intestinal homeostasis. Our findings provided evidence that sivelestat was a potential drug to combat atherosclerosis, and the intestine/vascular interaction could explain the pharmacological effects of sivelestat on cardiovascular diseases.
MATERIALS AND METHODS
Reagents
The Oil Red O staining kit (#MAK194), hematoxylin (#MHS32), eosin solution (#HT110116), sivelestat (#S7198), and lipopolysaccharides (#L2630) were purchased from Sigma (Sigma Chemicals, St. Louis). Anti-Ly6G antibody (#561105) was purchased from BD (BD Biosciences). Anti-moma-2 antibody (#ab33451) was purchased from Abcam (Cambridge, United Kingdom). Anti-ZO-1 (#5406), anti-Tubulin (#5568), anti-phosphorylated IκB (#2859), and anti-IκB (#9242) antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA). DX-4000-FITC (#46944) was purchased from Sigma (Sigma chemicals, St. Louis), and the endotoxin kit (#88282) was from Pierce (Thermo Fisher, CA). Intestinal protein levels of TNF-α (#BMS607-3), IL-1β (#BMS6002), and MCP-1 (#BMS6005) were measured by using ELISA kits from Invitrogen (Thermo Fisher, CA). The intestinal neutrophil elastase activity was measured with a commercial kit (# ab204730) purchased from Abcam (Cambridge, United Kingdom).
Treatment of Sivelestat In Vivo
All mouse experimental procedures were approved by the Animal Research and Teaching Committee at Southern Medical University (Guangzhou, China). The mice were housed in 21 [image: image] 2 oC condition and were given free access to diet and tap water. In detail, male aged 6-week ApoE-deficient mice (ApoE-/-) were purchased from the Shanghai Model Organisms Center (Shanghai, China), and every group included six mice. Mice were fed with high-fat high-cholesterol diet (HFHC, 40% fat and 1.25% cholesterol, Cat#D12108C, research diets). After being fed with HFHC for 4-week, the ApoE-/- mice were administered with sivelestat (50 mg/kg per day, intraperitoneal injection) or phosphate-buffered saline (Veh) for another 8 weeks. For lipopolysaccharide stimulation, the ApoE-/- mice were fed with HFHC for 4 weeks and then treated with sivelestat (50 mg/kg per day, intraperitoneal injection) and LPS (25 μg/day, subcutaneous injection) or Veh for 8 weeks. Then, mouse tissues, including the aorta, small intestine, and serum, were collected for further measurement.
Measurement of Intestinal Permeability
For the analysis, 500 mg/kg FITC-labeled dextran was orally gavaged into mice, and the serum samples were collected for further analysis. The serum concentration of DX-4000-FITC was measured by using a fluorescence spectrophotometer (Synergy H1, BioTek, VT) with an excitation wavelength of 485 nm and an emission wavelength of 535 nm.
Histological Staining of the Aorta and Intestine
For lipid staining of the en face aorta and aorta root, whole aorta or 10-µm frozen sections of the aorta root were stained with the Oil Red O staining kit. For hematoxylin and eosin staining, the aorta and colon were fixed in 4% paraformaldehyde and embedded in paraffin. Then, 5-µm paraffin sections were dehydrated and stained with hematoxylin and eosin solution. For immunofluorescence staining, 5-µm aorta sections were hydrated, blocked with 3% BSA solution, and incubated with the anti-moma-2 antibody at 1:100 dilution. After washing in PBS, the sections were stained with the fluorescence-labeled secondary antibody at 1:500 dilution. The nuclei were stained with DAPI. The images were viewed and captured by using a fluorescence microscope (Nikon, Tokyo), and relative lipid contents were measured in 50 images/per mouse by ImageJ software.
Flow Cytometry Analysis of Intestinal Neutrophils
Intestinal resident cells were isolated from 5 to 8 cm of the intestine. Briefly, intestinal segments were excised, cleaned, and cut into small pieces. Samples were then washed with sterile bovine serum-free RPMI 1640 medium three times and digested in 10 ml RPMI containing 1 mg/ml collagenase A (Roche #10103578001) for 30 min at 37°C and 200 rpm in a shaking incubator. Digestion was quenched with FACS buffer and centrifuged for 5 min at 800 g. After washing with PBS t three times, the samples were passed through a 100-μm cell strainer to obtain a single cell suspension. For neutrophil staining, the cells were stained with anti-Cd11b and anti-Ly6G antibodies at 1:100 dilution. The cell percentage was analyzed by using a flow cytometer (BD FACSAria™ III).
Culture of Rat Intestinal Epithelial Cells
The rat intestinal epithelial cell line (#IEC-18, ATCC) was gifted from Dr. Ning Zhu (Zhejiang University). Cells were cultured in DMEM containing 10% FBS and 1% penicillin/streptomycin antibiotics in a humidified chamber (37°C, 21% O2, and 5% CO2). For cell experiments, [image: image] cells were pretreated with sivelestat (100 μM) or DMSO and stimulated with 0.1 μg/ml human neutrophil elastase recombinant protein for 24 h.
Real-Time PCR Analysis of the Gene Expression
Total RNA from the whole aorta or intestine tissues was extracted by using TRIzol (Invitrogen), according to the manufacturer’s instructions. Complementary DNA was reverse-transcribed using the PrimeScript™ RT reagent kit with gDNA Eraser (Takara Biotech, Dalian, China), and qPCR was performed with the SYBR Green quantitative kit (Applied Biosystems, CA). The primer sequences used in this study were listed as follows: mouse Zo-1: F-5′-CAACATACAGTGACGCTTCACA-3’; R-5′- CAC​TAT​TGA​CGT​TTC​CCC​ACT​C-3′, mouse Tnf-α: F-5′-ACGGCATGGATCTCAAAGAC-3’ R-5′-AGATAGCAAATCGGCTGACG-3′, mouse Il-1β: F-5′-CTGGTGTGTGACGTTCCCATTA-3’; R-5′-CCGACAGCACGAGGCTTT-3′, mouse Il-6: F-5′-CCACGGCCTTCCCTAC-3’; R-5′- AAG​TGC​ATC​ATC​GTT​GT-3′, mouse Mcp-1: F-5′-CCACTCACCTGCTGCTACTCA-3’; R-5′-TGGTGATCCTCTTGTAGCTCTCC-3′, mouse Vcam-1: F-5′-CCGGCATATACGAGTGTGAA-3’; R-5′-TAGAGTGCAAGGAGTTCGGG-3′, and mouse Gapdh: F-5′-AGGAGCGAGACCCCACTAAC-3’; R-5′-GATGACCCTTTTGGCTCCAC-3’. The relative gene expression was calculated by normalizing to the Gapdh level.
Immunoblot Analysis
Protein lysates were extracted from the intestinal tissues or epithelial cells, and the protein concentration was measured by using a BCA assay kit (Thermo Fisher, CA). 50 μg protein was subjected to 10% SDS–PAGE electrophoresis and electro-transferred to polyvinylidene difluoride membranes (Amersham Biosciences). Then, the membranes were blocked with 10% non-fat milk and incubated with anti-ZO-1, anti-phos-IκB, IκB, or anti-Tubulin antibody at 1:1,000 dilution and relative secondary antibodies at 1:5,000 dilution. The relative protein expression was visualized by using enhanced chemiluminescence reagents (Bio-Rad, CA) and quantitatively analyzed by ImageJ software.
Clinical Study
This study included 26 individuals, including nine atherosclerotic subjects with carotid intima-medial thickness (IMT) ≥ 0.85 mm and 17 healthy subjects with IMT <0.85 mm, who were recruited from July 2019 to May 2020 at the Shenzhen Hospital of Southern Medical University (NYSZYYEC20190005). The basic clinical parameters of these subjects are showed in Supplementary Table S1. Furthermore, among these subjects, 12 patients were under intestinal polyp surgery (3 patients with ≥0.85 mm and nine subjects with IMT <0.85 mm). The subjects with IMT <0.85 mm were characterized with no history of angina and other heart diseases, a normal resting ECG, and normal exercise ECG stress testing. In patients under the intestinal polyp surgery, the intestinal activity was measured by using the commercial kit. Before statistical analysis, the Shapiro–Wilk test was conducted to identify the distribution for normality. Then, Pearson analysis was conducted for clinical correlation. All participants have been informed clinical consent, and the related analysis protocol was approved by the Human Ethics Committee of Southern Medical University.
Statistical Analysis
Data were shown as mean ± SEM. The Student’s t-test was used for comparing two groups, and ANOVA was used for multiple groups (GraphPad, San Diego, CA). Pearson analysis was used for analyzing the statistical correlation. p < 0.05 was considered to be significant.
RESULTS
Neutrophils Infiltrate Into the Intestine During the Atherosclerotic Process
Multiple studies have addressed high-fat diet severely injured intestinal homeostasis, such as intestinal shortening, disruption of the intestinal barrier, and inflammatory response (Araújo et al., 2017; Rohr et al., 2020). To identify the pathological changes of the intestine in atherosclerotic mice, at first, we measured the tissue remodeling of colon. As shown in Figure 1A, the length of the colon was significantly decreased after the mice were fed with high-fat high-cholesterol (HFHC) diet for 4 and 12 weeks, and HFHC feeding also induced colic structural disorders. For an inflammatory response, flow cytometry analysis indicated Cd11b+Ly6G+ neutrophils obviously infiltrated into the intestine (Figure 1B), especially in the HFHC-fed mice for 12 weeks (p < 0.01). Furthermore, neutrophil elastase (NE), one of the neutrophil serine proteases, was also highly expressed in the intestines of HFHC-fed mice (Figure 1C), and the intestinal NE activity was increased time-dependently during HFHC feeding (Figure 1D). Meanwhile, as shown in Figures 1E,F, mice with HFHC feeding had remarkable lipid plaque formation in the aorta. To testify the possible role of intestinal NE in atherosclerotic development, Pearson analysis showed the intestinal NE levels had a positive correlation of the aorta lipid deposit (Figure 1G).
[image: Figure 1]FIGURE 1 | Neutrophils infiltrate into the intestine during the atherosclerotic process. Male Apo E-/- mice were fed with high-fat high-cholesterol diet (HFHC) for 4 and 12 weeks, and ApoE-/- mice were fed with normal diet as the control group. (A) Representative images of the mouse colon (left panel) and hematoxylin-eosin staining of the colon structure (right panel). Scale bar = 100 μm. (B) Flow cytometry analysis of the percentage of Cd11b+Ly6G+ neutrophils in the intestine. (C) Immunofluorescence staining of neutrophil elastase (NE, red color, neutrophil marker), and the nuclei were stained with DAPI (blue color). Scale bar = 100 μm. (D) Measurement of the neutrophil elastase (NE) activity in intestinal lysates. (E,F) Oil Red O staining of the en face aorta (E) and the quantitative analysis of the relative lipid density (F). (G) Correlation of the intestinal NE activity and aorta lipid density. Data are shown as mean ± SEM. n = 5 mice/group, and *p < 0.05, **p < 0.01, ***p < 0.001.
Administration of Sivelestat Attenuates HFHC Diet-Induced Atherosclerosis and Vascular Inflammation in ApoE-/- Mice
Neutrophils play critical roles in the inflammatory response (Kolaczkowska and Kubes, 2013) and participated in the progress of cardiovascular diseases (Gaul et al., 2017). Sivelestat, as a selective inhibitor of neutrophil elastase, could suppress inflammation in several inflammatory diseases (Endo et al., 2006; Shimoda et al., 2008). In the present study, we aimed to explore the pharmacological effects of sivelestat on atherosclerosis in mice. Consistent with previous studies (Jin Li et al., 2016; Zhu et al., 2018), high-fat high-cholesterol (HFHC) diet accelerated lipid accumulation in the aorta from Apo E-/- mice (Figures 2A–D). But the administration of sivelestat significantly decreased lipid contents in en-face aorta (Figures 2A,B, p < 0.01) and the sections of the aorta root (Figures 2C,D, p < 0.001). Infiltration of immune cells, including macrophages and other monocytes, was a key phenotype of atherosclerosis (Hansson, 2005). As shown in Figures 2E,F, treatment of sivelestat inhibited the infiltration of monocytes and macrophages (p < 0.01). Meanwhile, sivelestat also decreased the gene levels of inflammatory factors, including pro-inflammatory cytokines (Figure 2G, p < 0.01) and chemokines (Figure 2H, p < 0.001). However, sivelestat had no significant effects on the other basic parameters of a mouse, including body weight, the fasting blood glucose level, and serum lipid profiles (Supplementary Table S2).
[image: Figure 2]FIGURE 2 | Sivelestat attenuates HFHC-induced atherosclerotic plaque formation and vascular inflammation in Apo E-/- mice. Male Apo E-/- mice were fed with HFHC diet for 4 weeks and then treated with sivelestat (Siv, 50 mg/kg per day, intraperitoneal injection) or phosphate-buffered saline (Veh) for 8 weeks. (A-B) Oil Red O staining of the en face aorta (A) and quantitative analysis of the relative lipid density (B). (C-D) Oil red O staining of the aorta root (C) and quantitative analysis of the relative lipid density (D). Scale bar = 200 μm. (E-F) Immunofluorescence staining of aorta root sections with anti-moma-2 antibody (E) and quantitative analysis of the relative density (F). Scale bar = 100 μm. (G-H) Real-time PCR analysis of gene levels of inflammatory cytokines (G), including Tnf-α, Il-1β, and Il-6, and chemokines (H) including Mcp-1 and Vcam-1. Data are shown as mean ± SEM. n = 6 mice/group, and **p < 0.01 and ***p < 0.001.
Administration of Sivelestat Decreases Endotoxemia by Improving Zonula Occludens-1-Mediated Intestinal Permeability and Intestinal Inflammatory Response In Vivo and In Vitro
The abnormal induction of intestinal permeability and subsequent endotoxemia could initiate the progress of atherosclerotic plaque formation (Zhu et al., 2018). In the present study, we found the treatment of sivelestat led to a significant reduction in the intestinal NE activity (Figure 3A) and the circulating level of endotoxin in the HFHC-fed ApoE-/- mice (Figure 3B). Next, we measured intestinal permeability by treating mice with fluorescent-labeled dextran (DX-4000-FITC). As shown in Figure 3C, the circulating concentration of DX-4000-FITC was decreased in sivelestat-treated Apo E-/- mice (p < 0.01). H&E staining of the colon also showed the HFHC diet loosened the structure of mucosa, which facilitated the leakage of toxic substances into circulation, whereas sivelestat improved the intestinal structure (Figure 3D). Intestinal permeability was mainly controlled by zonula occludens (ZO)-1, one of the key epithelial tight junction proteins (Van Itallie et al., 2009). As shown in Figure 3E, the intestinal gene level of ZO-1 was upregulated in sivelestat-treated Apo E-/- mice (p < 0.001). The protein expression of ZO-1 was also significantly upregulated in sivelestat-treated Apo E-/- mice, as compared with Veh-treated Apo E-/- mice (Figures 3F,G). To determine the direct pharmacological effects of sivelestat on the ZO-1 protein expression, intestinal epithelial cells were treated with NE recombinant protein with or without sivelestat. Figures 3H–J showed NE recombinant protein decreased the gene and protein expression of ZO-1 (p < 0.001), whereas sivelestat attenuated NE-induced ZO-1 reduction in intestinal epithelial cells (p < 0.05).
[image: Figure 3]FIGURE 3 | Sivelestat decreases HFHC-induced endotoxemia and intestinal structural disorders by upregulating the intestinal zonula occludens-1 expression in Apo E-/- mice and intestinal epithelial cells. (A–F) Male Apo E-/- mice were fed with HFHC diet for 4 weeks and then treated with sivelestat (Siv, 50 mg/kg per day, intraperitoneal injection) or Veh for 8 weeks. (A) Mouse intestinal NE activity. (B) Measurement of circulating lipopolysaccharide (LPS) levels after sivelestat treatment for 0, 1, 4, and 8 weeks. (C) Mice were orally administered with FITC-labeled dextran, and the circulating concentration of DX-4000-FITC was analyzed. (D) Hematoxylin and eosin (HE) staining of the colon. Scale bar = 100 μm. (E) Gene expression of intestinal zonula occludens (ZO)-1. (F–G) Immunoblot analysis of intestinal ZO-1 (F) and quantitative analysis of the relative density of ZO-1/Tubulin (G). (H–J) [image: image] rat intestinal epithelial cells were pretreated with sivelestat (100 μM) or DMSO and stimulated with 0.1 μg/ml human neutrophil elastase recombinant protein for 24 h. (H) Real-time PCR analysis of the ZO-1 gene level. (I–J) Immunoblot analysis of ZO-1 protein expression (I) and quantitative analysis of the relative density of ZO-1/Tubulin (J). Data are shown as mean ± SEM. n = 6 mice/group or n = 5 independent experiments, and **p < 0.01, ***p < 0.001.
Previous studies have showed there were abnormal immune responses in the gastrointestinal homeostasis of patients with atherosclerosis (Cani et al., 2007; Pendyala et al., 2012). Therefore, we investigated the effects of sivelestat on the intestinal inflammatory response in the HFHC-fed Apo E-/- mice. As shown in Figures 4A–C, the protein levels of inflammatory cytokines, including TNF-α (Figure 4A, p < 0.001), IL-1β (Figure 4B, p < 0.01), and MCP-1 (Figure 4C, p < 0.01), were significantly decreased in intestinal lysates from sivelestat-treated ApoE-/- mice. NF-κB signaling is one of the key transcriptional factors in regulating the inflammatory response (Pan et al., 2012; Pan et al., 2014). To this end, we measured the expression of phosphorylated (phos-) IκB and IκB in intestinal tissues. Figures 4D,E showed sivelestat inhibited NF-κB activation by decreasing phos-IκB and increasing the IκB level (p < 0.01).
[image: Figure 4]FIGURE 4 | Sivelestat attenuates intestinal inflammation in HFHC-fed Apo E-/- mice and NE-treated intestinal epithelial cells. (A–E) Male Apo E-/- mice were fed with HFHC diet for 4 weeks and then treated with sivelestat (Siv, 50 mg/kg per day, intraperitoneal injection) or Veh for 8 weeks. ELISA analysis of intestinal protein levels of TNF-α (A), IL-1β (B), and MCP-1 (C). Immunoblot analysis of protein expressions of phosphorylated (phos-) IκB and IκB (D) and quantitative analysis of the relative density of phos-IκB/IκB (E). Data are shown as mean ± SEM. n = 6 mice/group, and **p < 0.01 and ***p < 0.001.
Administration of Lipopolysaccharides Eliminates the Anti-Atherosclerotic Benefits of Sivelestat in HFHC-Fed ApoE-/- Mice
To clarify whether the pharmacological benefits of sivelestat is dependent on lowering endotoxemia, we subcutaneously injected lipopolysaccharides (LPS) into sivelestat-treated ApoE-/- mice. Administration of sivelestat decreased lipid accumulation in the aorta of Apo E-/- mice (Figures 1A–D), but co-treatment with LPS reversely increased lipid contents in the en-face aorta (Figures 5A,B, p < 0.05) and the sections of the aorta root (Figures 5C,D, p < 0.01). Real-time PCR analysis of the mouse aorta further showed LPS eliminated the benefits of sivelestat on suppression of vascular inflammation, characterized by reduction of pro-inflammatory cytokines and chemokines (Figures 5E,F, p < 0.05).
[image: Figure 5]FIGURE 5 | Administration of lipopolysaccharides eliminates anti-atherosclerotic benefits of sivelestat in Apo E-/- mice. Male Apo E-/- mice were fed with HFHC diet for 4 weeks and then treated with sivelestat (Siv, 50 mg/kg per day, intraperitoneal injection) and LPS (25 μg/day, subcutaneous injection) or Veh for 8 weeks. (A–B) Oil Red O staining of en face aorta (A) and the quantitative analysis of relative lipid density (B). (C–D) Oil red O staining of the aorta root (C) and the quantitative analysis of the relative lipid density (D). Scale bar = 200 μm. (E–F) Real-time PCR analysis of gene levels of inflammatory cytokines (E), including Tnf-α, Il-1β, and Il-6, and chemokines (F) including Mcp-1 and Vcam-1. Data are shown as mean ± SEM. n = 6 mice/group and *p < 0.05, **p < 0.01, ***p < 0.001.
Circulating Endotoxin Level and Intestinal NE Activity Were Potential Clinical Diagnostic Biomarkers of Atherosclerosis
To address the clinical applications, 26 volunteers were recruited for atherosclerotic analysis, including 12 patients with intestinal polyp surgery. The circulating endotoxin level and carotid intima-medial thickness (IMT) were measured in all subjects (Supplementary Table S1). As shown in Pearson analysis, the carotid IMT value was positively associated with the circulating level of endotoxin (Figure 6A) and intestinal NE activity (Figure 6B). Furthermore, there were structural disorders and higher expression of NE in atherosclerotic patients, as compared with healthy subjects (Figure 6C).
[image: Figure 6]FIGURE 6 | Intestinal NE level is closely associated with the human atherosclerotic status. In total, 26 volunteers were recruited, including 12 patients with intestinal polyp surgery. (A) Correlation between circulating levels of endotoxin and carotid intima-medial thickness (IMT). (B) Measurement of intestinal NE activity in 12 patients with intestinal polyp surgery and further correlation of the intestinal NE activity and carotid IMT. (C) HE staining and immunohistological staining of NE in human intestines.
DISCUSSION
Emerging studies have demonstrated modulation of intestinal homeostasis as one of the potential approaches for protection against atherosclerosis (Jin Li et al., 2016; Zhu et al., 2018). In patients with atherosclerosis, there was excessive inflammation and disruption of intestinal permeability, characterized by disorders of tight junction (Chuanwei Li et al., 2016). By utilizing sivelestat as a research tool, the present study identified that neutrophil elastase, one of the essential inflammatory mediators, contributed to atherosclerotic plaque formation. Administration of sivelestat attenuated diet-induced aorta plaque formation and vascular inflammation, accompanied by lowering endotoxemia. Mechanistically, sivelestat improved diet- or recombinant neutrophil elastase protein-induced intestinal permeability by upregulation of zonula occludens-1 and inhibited the intestinal inflammatory response. However, replenishment of lipopolysaccharides eliminated the anti-atherosclerotic benefits of sivelestat in mice. Pearson analysis of clinical parameters further supported circulating endotoxin and intestinal NE, which were potential diagnostic biomarkers of atherosclerotic patients.
The crosstalk between gastrointestinal homeostasis and cardiovascular disease is an attractive topic in recent years. Intestinal metabolites, such as TMAO, promoted atherosclerotic plaque formation in humans and mice (Koeth et al., 2013). Moreover, TMAO activated the cardiac autonomic nervous system and deteriorated ischemia-induced ventricular arrhythmia (Meng et al., 2019). Intestinally derived lysophosphatidic acid accelerated the atherosclerotic process dependent on hyperlipidemia and excessive inflammatory response (Navab et al., 2015). In addition, the incidence of cardiovascular diseases was closely associated with the component of intestinal microbiota. Administration of beneficial microbial species, such as Akkermansia muciniphila, improved Western diet-induced atherosclerosis in atherosclerotic Apo E-/- mice (Jin Li et al., 2016). In contrast, one microbial component named Citrobacter, a species of toxic bacteria, was positively correlated with carotid intima-media thickness in a Bangladesh population (Wu et al., 2019).
Furthermore, intestinal homeostasis also depends on the structural maintenance of the intestinal epithelium. A higher level of circulating endotoxin, as a consequence of abnormal intestinal leakage, contributed to the development of multiple diseases. Abnormal intestinal permeability and the consequence of endotoxemia were some key characteristics in patients with fatty liver diseases (Parlesak et al., 2000). In atherosclerotic mice, it was observed that severe abruption of intestinal permeability and endotoxemia but improvement of intestinal homeostasis could attenuate atherosclerotic plaque formation and vascular inflammation (Jin Li et al., 2016; Zhu et al., 2018). Mechanistically, tight junction proteins, such as zonula occludens-1 (ZO-1) and occludin, determined the intestinal structure and permeability (Van Itallie et al., 2009; Hamada et al., 2010). The expression profile of ZO-1 was a key biomarker of atherosclerotic development, whereas upregulation of ZO-1 could improve intestinal permeability and vascular plaque formation (Zhang et al., 2020). Moreover, a variety of studies have demonstrated that the transcriptional biogenesis and activity of ZO-1 were closely associated with the intestinal inflammatory response. Chronic, excessive inflammation injured the tight junction barrier in multiple diseases (Fasano, 2011). Suppression of intestinal inflammation, such as inhibition of nuclear factor (NF)-κB signaling, was one of the therapeutic approaches to improve intestinal homeostasis and consequent disorders (Arakawa et al., 2019; Nunes et al., 2019). Consistently, the present study also found the intestinal ZO-1 expression was decreased in atherosclerotic mice but induction of ZO-1 concurred in sivelestat-treated Apo E-/- mice. Meanwhile, administration of sivelestat decreased the diet-induced excessive expression of intestinal inflammatory cytokines and NF-κB activity.
Neutrophils, as one of the early pro-inflammatory cells, have been shown to affect plaque formation and plaque rupture (Zernecke et al., 2008; Ionita et al., 2010). Due to their relatively short lifespan, neutrophils are rarely detected in atherosclerotic lesions (Nathan, 2006; Galli et al., 2011). Emerging studies have demonstrated that neutrophils may exacerbate cardiovascular diseases through the release of neutrophil serine proteinases, thus inducing atherosclerotic plaque formation (Warnatsch et al., 2015; Wen et al., 2018). More recently, Wen et al. (2018), reported pharmacologic inhibitors of neutrophil elastase could improve the atherosclerotic process in Apo E-/- mice. Okeke et al. (2020), interestingly, found suppression of neutrophil elastase rescued mice from endotoxic shock, which indicated the close links between the neutrophil elastase activity and endotoxemia. However, there was no direct evidence providing the roles of neutrophil elastase in mediating intestine/vascular crosstalk.
Sivelestat, with the formula C20H22N2O7S, is a selective neutrophil elastase inhibitor for alleviating acute respiratory distress syndrome (Kawabata et al., 1991). In a lipopolysaccharide-induced septic mouse model, sivelestat attenuated alveolar collapse and stromal tissue thickening (Inoue et al., 2005). More recently, administration of sivelestat suppressed NET formation in vitro but rescued mice from lipopolysaccharide-induced endotoxic shock (Okeke et al., 2020). However, there was no report to disclose the pharmacological effects of sivelestat in atherosclerotic formation and vascular inflammation. Our present findings, for the first time, uncovered the anti-atherosclerotic effects of sivelestat in genetic Apo E-/- mice; then, we determined the intestine/vascular axis was a potential explanation for the therapeutic benefits of sivelestat in vivo and in vitro.
In conclusion, the present findings supported intestinal NE-regulated intestinal permeability and inflammatory response in the development of atherosclerosis, and administration of sivelestat had benefits in protection against atherosclerosis.
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An effective acute inflammatory response results in the elimination of infectious microorganisms, followed by a smooth transition to resolution and repair. During the inflammatory response, neutrophils play a crucial role in antimicrobial defense as the first cells to reach the site of infection damage. However, if the neutrophils that have performed the bactericidal effect are not removed in time, the inflammatory response will not be able to subside. Anti-inflammatory macrophages are the main scavengers of neutrophils and can promote inflammation towards resolution. MicroRNAs (miRNAs) have great potential as clinical targeted therapy and have attracted much attention in recent years. This paper summarizes the involvement of miRNAs in the process of chronic diseases such as atherosclerosis, rheumatoid arthritis and systemic lupus erythematosus by regulating lipid metabolism, cytokine secretion, inflammatory factor synthesis and tissue repair in two types of cells. This will provide a certain reference for miRNA-targeted treatment of chronic diseases.
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1 Introduction

Inflammation is a cascade reaction of human tissues and organs response to harmful stimuli such as pathogens (1). On the cellular level, inflammation that is manifested as mutual damage between damage factors and histiocytes, as well as the regeneration of parenchymal cells and interstitial cells are often followed by tissue dysfunction due to changes in protein activity, changes in cellular metabolites, and connective tissue reorganization (2). The solution of inflammation mainly includes two aspects: one is anti-inflammatory, that is to prevent the re-recruitment of inflammatory cells; the other is decomposition, that is to remove apoptotic inflammatory cells (mainly neutrophils) (3). However, unresolved inflammatory cascades that bring new features to tissues and cells may promote he establishment of chronic inflammation leading to tissue and organ dysfunction (4). Thus, chronic inflammation can contribute to many potential chronic diseases, including diabetes (5), cardiovascular disease (CVD) (6), rheumatoid arthritis (RA) (7), inflammatory bowel disease (IBD) (8), neurodegenerative diseases (9) and systemic lupus erythematosus (SLE) (10).

Both neutrophils and macrophages belong to phagocytic cells, but they play different important roles in inflammatory response. Neutrophils are “whistlers” of the inflammatory response, which means they are the first immune cells to be recruited to the site of infection or injury. The phagocytosis of neutrophils can destroy pathogens and some damage factors. However, if it is not cleared in time, the derived death induction pathways such as oxidation and hydrolysis can form an inflammation amplification loop, causing serious tissue damage and developing the inflammatory response into a chronic disease (11). Inflammatory cells such as neutrophils are often eliminated by macrophages. Macrophages can not only phagocytose pathogens and damage factors, but also phagocytose apoptotic cells and participate in lipid metabolism. For example, the efferocytosis of macrophages enables the apoptotic cells to be eliminated before necrosis, releasing anti-inflammatory cytokines and specialized proresolving mediators (SPMs) at the same time, and establishing immune tolerance (12). Therefore, macrophages are the “finalizers” of the inflammatory response and play a key role in the resolution and regression of inflammation. Macrophages play distinct roles in the different stages of inflammatory response. The dysfunction of macrophages in the late stage of the inflammatory response is likely to prevent the inflammation from resolving.

Studies on the relationship between non-coding RNAs (ncRNA) and the control of chronic inflammatory diseases in some species have shown that ncRNA has become a key regulatory factor for the development and function of the immune system (13–15). miRNAs belong to a major subfamily of ncRNA and are endogenous non-coding ribonucleic acid with a length of about 20 nucleotides (16). miRNAs mediate specific gene silencing through complementarity to mRNA sequences (17, 18). A miRNA can be targeted to multiple mRNAs, while an mRNA can also be targeted by many different or related miRNAs. miRNAs often control multiple targets within a signal axis to amplify and regulate the utility. In addition to directly targeting mRNAs, miRNAs can further coordinate inflammation by targeting enzymes or transcription factors exerting indirect effects (16, 18–21). These basic properties of miRNA make it very suitable for regulating chronic inflammatory (2). miRNAs regulate inflammatory cascades by regulating target gene levels, which determine whether phagocytosis occurs, how strong the response is, and the threshold at which inflammation subside (16). For example, under the stimulation of inflammatory mediators and mildly oxidized low-density lipoprotein, the expression of miR-155 is up-regulated. MiR-155 directly targets B-cell lymphoma 6 protein (Bcl6), enhances the expression of inflammatory mediators (such as CCL2) in macrophages, and damages the efferent cytosis of macrophages, leading to the accumulation of inflammatory cells at the infected site of injury and secondary necrosis of apoptotic cells, which eventually develops into atherosclerosis (22).

The existing literature on miRNA is extensive and focuses particularly on the regulation of various signaling pathways by miRNA. In recent years, there has been growing recognition of the vital links between miRNAs and immune cells. miRNAs are active in inflammatory responses. For example, miRNAs regulate the levels and types of chemokines by targeting chemokine (C-X-C motif) ligand (CXCL) (23), cholesterol metabolism by targeting ATP binding cassette transporter A1 (ABCA1) and ATP binding cassette transporter G1 (ABCG1) (24), the release of inflammatory factors by targeting the nuclear factor kappa-B (NF-κB) signaling pathway (25), and tissue repair by targeting suppressor of cytokine signaling-1 (SOCS1) (26).

Although there are many reports in the literature on regulation of specific miRNA on phagocytes (neutrophils and macrophages), most are restricted to functional elucidations without reference to specific chronic diseases. There has been very little systematic summery of the regulations of miRNA on phagocytes in specific diseases. We fills a gap in the research on this aspect. The primary aim of this paper is to review recent research into the regulation mechanism of miRNA on phagocytes in different chronic diseases, explore the relationship between miRNAs and phagocytes in different chronic diseases, and provide empirical evidence for the claim that miRNA can become a potential therapeutic target for chronic diseases eventually.



2 Mechanism of Inflammatory Response and Chronic Inflammation


2.1 Function and Mechanism of Inflammatory Response

Under normal conditions, the homeostatic control mechanism maintains the acceptable range of the environmental parameters near the predetermined equilibrium point (27). Abnormal conditions may cause certain parameters to deviate from their normal homeostasis range, resulting in stress response (28). Acute and chronic inflammation are two distinct adaptive stresses triggered by inadequate or ineffective other homeostatic mechanisms. When body tissue is damaged, the inflammatory process is a protective cascade of local blood vessels characterized by redness, swelling, pain, heat and dysfunction, which can aid in the removal of foreign bodies and tissue repair (29, 30). The inflammatory cascade is preprogrammed and pervasive, and can be triggered by almost every tissue, playing an important physiological role in tissue homeostasis (31).

When the body faces threats such as infection and injury, it induces its own acute inflammatory response, which usually lasts for minutes to days (32). The inflammatory response is controlled by a complex regulatory networds consisting of inducers, sensors, mediators, and effectors, and the inflammatory response can be determined according to the components of the regulatory networks (33). The recognition of pattern recognition receptors (PRR) initiates an immune response that identifies structural components of pathogens as pathogen-associated molecular patterns (PAMPs) and chemicals produced by injured cells as damage-associated molecular patterns (DAMPs) (34–36). Different receptors in immune cells recognize these patterns, and upon triggering these receptors, inflammatory cytokines such as TNF-α and IL-6 are released, causing changes in endothelial cells and allowing immune cells to flow through endothelial cells to tissues (29, 37). DAMPs are a class of substances released by cells into the surrounding interstitial fluid when cells are stimulated by injury, hypoxia and stress, including degraded matrix molecules, leukocyte degranulation molecules, and heat shock proteins (HSP). They are considered harmful signals that trigger inflammatory responses through pattern recognition receptors such as Toll-like receptors or NOD (nucleotide binding oligomer domain protein)-like receptors (34–36, 38). For example, TLR4 can identify endogenous substrates such as free fatty acids (FFA) (38). PAMPs are ligand receptors that are recognized and bound by PRRs, including some highly conserved molecular structures shared on the surface of pathogenic microorganisms, such as the lipopolysaccharide of PAMPs are ligand receptors that are recognized and bound by PRRs, including some highly conserved molecular structures shared on the surface of pathogenic microorganisms, such as the lipopolysaccharide of G- (gram-negative) bacterium. They also include some common molecular structures on the surface of host apoptotic cells, such as phosphatidyl serine (33). NADPH oxidase utilizes the respiratory burst in hexose phosphate to convert oxygen molecules into superoxide anions. Superoxide anion generates hydrogen peroxide under the action of superoxide dismutase (SOD), which can be bactericidal, and can further generate oxides with strong bactericidal power under the action of myeloperoxide (MPO), such as OCI-. However, reactive oxygen species (ROS) generated during oxidative sterilization of neutrophils may leak into surrounding tissues. Strong bactericidal oxidants may also cause damage to neutral proteases that inhibit lysosome release, thereby harming surrounding tissues (39).

Infection and tissue damage are well-known inflammatory triggers that attract leukocytes and plasma proteins to tissue damage (4). Furthermore, tissue stress or dysfunction induces an adaptive response called para-inflammation, which occurs between essential homeostasis and canonical inflammatory responses and is mediated primarily by tissue-resident macrophages (4, 40). Regardless of the cause of the inflammatory response, the ultimate goal is to eliminate or isolate the source of the interference, allowing the host to adapt to the abnormal condition and restore tissue function and homeostasis. However, part of the inflammation can develop into chronic disease due to persistent tissue dysfunction due to environmental variables, genetic mutations and even modern unhealthy human diseases (31, 41).



2.2 The Role of Neutrophils and Macrophages in the Inflammatory Response

At the most basic level, acute inflammatory responses induced by infection or tissue damage result in the coordinated distribution of blood components (plasma and leukocytes) to the site of disease or injury. This process can be roughly divided into: First, blood vessel flow and tiny blood vessels become larger, and newly formed capillaries and larger arterioles help increase blood flow to areas of inflammation (4). Then, vasodilation and vascular permeability increase, leading to leakage of microcirculatory plasma and phagocytosis of leukocytes. Endothelial cell selectins on the surface of vascular endothelial cells can inducibly connect with leukocyte integrins and chemokine receptors. This connection allows endothelial cell modification, increased microvascular permeability, and preferential access of plasma proteins and white blood cells (mainly neutrophils) to infected or injured tissues through the posterior capillary vein (32). Neutrophils are activated by direct stimulation of cytokines released by pathogens or tissue resident cells, and activated neutrophils capture bacteria via phagosomes and then begin almost simultaneously degranulation-dependent non-oxygen bactericidal action and triphosphopyridine nucleotide (NADPH) oxidation enzyme (NOX2)-dependent aerobic bactericidal action (42). Under the degranulation-dependent non-oxygen sterilization, various bactericides and hydrolytic enzymes in the granules are released, including lysozyme, bactericidal/permeability increasing protein polypeptide (BPI) protein, defensin, elastase, cathepsin G, protease 3, azurocidin (CAP37) and acid β-glycerophosphatase (43). However, if these bactericides and hydrolases in granules are exocytosed into tissues outside neutrophils, they will damage normal tissues and further aggravate inflammation (44). In oxygen-dependent sterilization, activated neutrophils are highly phosphorylated by the serine residues in p47phox, which bind to the p67phox p40phox complex, and then migrate to the plasma membrane to bind to cytochrome b558. At this point, an NADPH oxidase is assembled (45).

After neutrophils play a bactericidal role at the site of inflammation, they often produce pus. The main forms include necrosis, pyroptosis, and neutrophils external traps (NET) (Figure 1) (46). Necrosis is often triggered by intracellular parasites, manifested by the activation of intracellular TLRs, interferon (IFN)-α and granulocyte-macrophage colony-stimulating factor receptors (47). Pyroptosis is activated by the cleavage of Gasdermin D (GSDMD) by the intracellular pathogen inflammasome. Under the action of necrosis and pyroptosis, neutrophils release inflammatory factors, such as interleukin-1β (IL-1β), and the area of tissue damage increases and the degree of damage is more serious (48). The neutrophil extracellular trap is a suicide system that captures and kills microorganisms. The neutrophil extracellular trap is an externalized form of the nucleus and mitochondria, consisting of DNA, histones, and granule proteins. ROS surge activates the proteins arginine deiminase 4 (PAD4), neutrophil elastase (NE) and Gasdermin D under the action of the respiratory burst of neutrophils (49). These proteases catalyze the processes of chromatin decondensation, nuclear membrane disassembly, assembly of antimicrobial proteins on chromatin, and cell rupture. Likewise, the cellular contents released by NET will further exacerbate the damage to surrounding tissue. Unlike the first two, NET can also cause autoimmune diseases by exposing cellular endogenous components to immune cells (50).




Figure 1 | Neutrophil Death under Harmful Stimulation. Neutrophils recognize pathogens through pattern recognition receptors (PRRs). The main PRRs are Toll-like receptors (TLR) or NOD-like receptors (NLR), and there are some other PRRs, such as scavenger receptors (SR). These PRRs can recognize pathogens in the extracellular cytoplasm and endosomes. Neutrophils are activated after recognizing the pathogen and begin to kill the pathogen. The final outcome of an inflammatory environment is often: necrosis, pyroptosis, and neutrophils external traps. These death pathways have different characteristics, but all exacerbate the inflammatory response.



Conversely, in response to inflammation, neutrophils also die by a non-inflammatory pathway, that is macrophage-mediated efferocytosis. Macrophage uptake of dying neutrophils can rapidly clear cells to prevent secondary necrosis, and can also trigger anti-inflammatory signaling pathways that play an important role in inflammation resolution. If efferent pleocytosis malfunctions, amplifying loops that promote secondary necrosis and exacerbate inflammation (51). It is not difficult to see that macrophages play an important role in the resolution of inflammation. Anti-inflammatory macrophages can secrete various anti-inflammatory mediators (such as IL-10) and express programmed cell death ligand (PD-L), thereby suppressing inflammation (52). However, if pro-inflammatory macrophages cannot complete the transformation to anti-inflammatory macrophages during the initial period of inflammation, a large number of pro-inflammatory macrophages will accumulate, the inflammatory response will continue, and tissue repair will be delayed (53).




3 The Connection Between Chronic Inflammation and Chronic Disease

Chronic inflammation is associated with persistent production of pro-inflammatory mediators and persistent activation of pro-inflammatory signaling pathways, and phagocytic-associated inflammasomes, cell differentiation, lipid metabolism, tissue repair, and microbiota contribute to aging-related phenotypes and chronic disease (54).


3.1 Inflammation Resolution and Chronic Diseases

Acute inflammation is characterized by a complex but well-coordinated inflammatory response with a resolution period of acute inflammation. Numerous pro-inflammatory cytokines rapidly released by neutrophils characterize the inflammatory environment (TNF and IL-1), and omega-6 pro-inflammatory arachidonic acid (AA)-derived eicosenoic acid (prostaglandins and leukotrienes) (55). These potent pro-inflammatory factors are difficult to identify microbes and their host cells, and thus are prone to irreversible damage to surrounding tissues (4, 56). In an effective acute inflammatory response, damaging factors are rapidly eliminated, while endothelial and immune cells undergo a “lipid mediator switch” that converts pro-inflammatory SPMs into anti-inflammatory prostaglandins, which trigger inflammation subsided, effectively preventing persistent inflammation and tissue necrosis (57). Regression is the process by which inflammation ceases and has historically been seen as a passive process (58). Numerous studies published over the past few years have shown that regression is an active process, manifested by a complex set of mediators that regulate cellular events necessary for inflammatory cell clearance from the site of infection or injury and restoration of tissue function (3, 40). Inflammation can be resolved by removal of inflammatory stimuli, inhibition of proinflammatory signaling, catabolism of proinflammatory mediators, and cellular burial (3). Inflammation may resolve if granulocytes are eliminated during the inflammatory response and the monocyte population (macrophages and lymphocytes) within the tissue returns to pre-inflammatory numbers and phenotypes (59). However, if the inflammatory response persists, a normally healthy immune response can degrade into a dangerous chronic inflammatory disease that can be fatal.

While immune responses are required for successful pathogen clearance, symbiotic contact with commensal microorganisms, wound repair, and overall tissue homeostasis, they can become dysfunctional and initiate persistent responses without resolution phases (4). Persistent stimulation, pro-inflammatory signaling, or damage to pro-catabolic/anti-inflammatory pathways can lead to irreversible inflammatory responses, in which inflammatory cells such as neutrophils and monocytes/macrophages infiltrate the tissue, leaving the tissue chronically inflammatory (31). When these events occur, a normal healthy immune response can deteriorate into a chronic inflammatory state, a hallmark of chronic disease (41). Chronic inflammation has a post-resolution phase involving Ly6Chi inflammatory monocytes (iMOs) and dendritic cells that enhance the adaptive branch of the response, while macrophages in tissues preferentially deplete apoptotic Polymorphonuclear neutrophils (PMNs), thereby connecting innate and adaptive immune system (60–62). The organism tries to establish ‘adaptive homeostasis’ in this new phase, but this may be beneficial in shaping the developmental environment of chronic disease (3). Indeed, adaptive changes are often induced at the expense of many other physiological activities, leading to the formation of non-adaptive traits. In evolution, a balance is established between the beneficial effects of adaptive traits and the undesired effects of non-adaptive traits (4). However, long-term changes in environmental conditions can upset this balance, increase the burden on the body, and lead to the development of chronic diseases. For example, prolonged secondary infection induces autoimmune activation at a lower cost than endogenous antigens, such as those released by apoptotic cells (63). We can conclude that many chronic inflammatory diseases are characterized by persistent acute inflammation combined with failed attempts at adaptive immunity, resulting in immune maladaptation.



3.2 Possible Factors Leading to Chronic Diseases

Even though the etiology of some chronic inflammatory diseases is unknown, early detection and treatment are essential to stop their progression. According to Karen T. Feehan et al, the factors that lead to chronic diseases can be roughly divided into (3):

	Aging: Over the years, extensive research has demonstrated an age-related increase in cellular inflammation. Senescent cells secrete large amounts of soluble factors, collectively referred to as the senescence-associated secretory phenotype (SASP), which include large amounts of pro-inflammatory cytokines and chemokines, growth factors, and extracellular matrix (ECM) remodeling enzymes, all of which contribute to A phenomenon known as “aging inflammation” (64). Multiple molecular pathways contribute to the acquisition of cellular senescence-associated secretory phenotypes, including persistent DNA damage response (DDR) (65), unfolded protein response (UPR) (66) and missense nucleic acids (67, 68). By activating NF-κB, these specific intracellular receptors can be detected (69). Sustained activation of NF-κB leads to transcription of numerous genes involved in the control of inflammatory responses, including adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1) and cytokines such as interleukin (IL-6) and tumor necrosis factor (TNF) (70). Notably, SASP can metastasize senescence by detonating in neighboring cells, a so-called bystander effect, thus creating a pro-inflammatory environment during systemic horizontal spread (71, 72). In addition to the aging-associated secretory phenotype that contributes to senescent inflammation, the thymus produces fewer T cells as we age, reducing our ability to respond to neoantigens and memory for new infections or immunities (73). Increased autoantibodies against self-tissue, memory phenotype T cells release greater amounts of pro-inflammatory cytokines in response to persistent/chronic viral infection (74).

	Self-antigens lead to autoimmune diseases: Chronic inflammation may be induced to a large extent by immune responses to self-tissues. Immune complexes are produced in situ or in various organs, including nuclear residues derived from apoptotic cells. The formation of autoantibodies (AAbs) against double-stranded DNA (dsDNA) and other nuclear autoantigens is an important feature of systemic lupus erythematosus, which is easily associated with NETs mentioned above. Strikingly, nearly 100 SLE-associated autoantibodies, including nuclear DNA and nuclear proteins, were detected in NETs (75). Nucleic acid-carrying ICs (immune complexs) may also be phagocytosed by macrophages, releasing pro-inflammatory cytokines. NET components, such as elastase, cathepsin G, and citrullinated histone H3, were also detected in the serum and synovial fluid of RA patients, and these components all have certain damage to the cartilage matrix (76).

	Damage-Associated Molecular Patterns: DAMPs trigger chronic immune responses that alter tissue function, produced and detected by TLRs or NLRs on innate immune cells (77). Obesity is mainly caused by fat cell hypertrophy and excessive calorie intake, and the accumulation of lipids in the bloodstream is the root cause of cardiovascular disease (78). In the pathogenesis of atherosclerosis, early-stage macrophages take up oxidized low-density lipoprotein and other lipids through their TLR ligands, activate NF-κB signaling and trigger the release of inflammatory factors (79). However, the continuous influx of lipoproteins overwhelms the lipid-handling capacity of macrophages and renders macrophage-based lipid clearance systems ineffective (51). Due to the accumulation of lipids in the endoplasmic reticulum membrane, the macrophages are persistently in an inflammatory state, the macrophages are dysfunctional in the efferocytosis of neutrophils, the inflammatory response never enters a regressive state, and chronic inflammation form.

	Microbiota and its secretions: The microbiota in the gut has a significant impact on human health. Chronic inflammation can also be caused by the microbiota due to their ability to affect the gut and surrounding tissues (80). Studies have shown that the diversity of gut microbiota in health and disease and its impact on the environment can vary from protective to pro-inflammatory in animal models of inflammatory bowel disease. Although gut bacteria are known to activate the immune system, persistent inflammation can alter gut microbiota and lead to ecological imbalances (8). During intestinal inflammation, monocyte recruitment was increased, but IL-10 levels were consistently low. In this case, monocytes are insensitive to inflammatory stimuli and acquire the M1 phenotype, secreting a large amount of inflammatory substances such as IL-1β, TNF-α, ROS (59). Furthermore, in IBD, defects in neutrophil migration at sites of inflammation, neutrophil-related oxidative stress, inflammatory factors, disruption of tissue integrity, increased epithelial and vascular permeability, enhanced immune cell recruitment and Inflammation polarizes and hinders wound healing (81). However, due to the complex assemblage of different species, the study of disease phenotypes by specific microbial members is still ongoing.






4 miRNAs Regulate Phagocytes in the Pathogenesis of Chronic Diseases

Chronic inflammation is involved in the production of chronic relapsing diseases characterized by excessive activation of the immune response and high levels of autoantibodies, which are autoimmune diseases. Interaction of gene expression and environment plays an important role in the pathogenesis of chronic relapsing disease (82–84). miRNAs are rheostats of gene transcription and are widely involved in innate immune regulation such as phagocytosis, exocytosis, induction of endotoxin tolerance, and cytokine responses (85). Exosomes are extracellular vesicles (MVs) that transport miRNAs between immune cells via membrane budding and endocytosis. Notably, some miRNAs are activated during inflammatory responses and can limit excessive immune responses. The imbalance of these miRNAs can lead to uncontrolled production of inflammatory cytokines, which can lead to the occurrence of various diseases. It is not difficult to see that miRNAs are key regulators of innate immune cell development and function and maintenance of immune homeostasis (86). Phagocytes, including neutrophils and macrophages, are the whistleblowers and finishers of the inflammatory response, respectively, and are important in the resolution of inflammation and the development of chronic diseases. In the following sections, we will use these two types of cells as examples to illustrate the regulatory role of miRNAs on them and how they affect chronic diseases.


4.1 Neutrophils

Neutrophils are the most abundant innate immune cells in the blood, and during the development of an immune response, neutrophils first reach the site of inflammation/functional damage (87). Myeloblasts in the bone marrow develop into granulosa cells through several morphologically distinct stages, including promyelocytes, myeloid cells, mesenchymal cells, and ribbon cells (88). Granulocyte generation is characterized by differential expression of transcription factors and cyclins, a process controlled by granulocyte-colony stimulating factor (G-CSF) (89). During inflammation, the number of neutrophils at the site of infection damage increases. Normally, neutrophils should be cleared by efferocytosis of macrophages after their mission is complete. This process leads to the down-regulation of the synthesis of inflammatory factors such as IL-23 in cells, thereby reducing the release of G-CSF, and the inflammatory response tends to subside (90, 91).


4.1.1 miRNA and the Function of Neutrophils

Typically, neutrophils are seen as short-lived cells that perform very repetitive roles, such as releasing antimicrobial chemicals, until more specialized cells reach the site of inflammation, enabling a more effective attack. As a result of the activation of multiple cytokines, growth factors, and bacterial products, neutrophils are more complex than initially thought, exhibiting phenotypic and functional diversity and participating in the pathogenesis of health and disease (43, 92). Evidence suggests that neutrophils help activate other immune cells, regulate inflammation and wound healing, which are critical for tissue integrity and the control and resolution of inflammatory processes (92, 93). When exposed to specific stimuli (serum amyloid A17), specific mature neutrophils (which eventually grow into fully formed granules and segmental nuclei) may proliferate outside the bone marrow, prolonging their time in the tissue. Although longer lifespans may allow neutrophils to perform more complex activities in tissues, such as helping resolve inflammation or building adaptive immune responses, their persistence in tissues can damage other cells (94).

Neutrophils are a specialized form of phagocytic cells. When bacteria come into contact with these cells, they eat and destroy the bacteria. Neutrophils engulfing bacteria produce reactive oxygen species (ROS) through an electron transfer system called NADPH, such as O2-, HO- and H2O2 being converted to hypochlorous acid (HOCl) by myeloperoxidase (MPO), which in turn kills bacteria (43, 95). In addition, the bactericidal effect of neutrophils is also reflected in the transport of a variety of different cellular particles with different components and functions (96). Neutrophil granules contain MPO, neutrophil proteases (elastase, cathepsin G, protease 3, azurin) and membrane permeability factors (lysozyme, defensins, bacterial permeability increasing proteins) and are the major germicidal granules (97, 98). This means that neutrophil activation and migration need to be tightly controlled to prevent tissue damage and uncontrolled inflammation.

When discussing inflammatory processes, neutrophils are often viewed as passive components that die and are eliminated over days or weeks, rather than as active participants. They are now known to produce pro-resolution lipid mediators, suggesting that they are actively involved in the resolution-inducing process. GPCRs (G-protein-coupled receptors) and their analogous G-protein-coupled compounds (GPCRs) play important roles in the transport and activation of neutrophils in the in vivo environment (99). LXA4 is a lipopolysaccharide (also known as FPR2) that inhibits neutrophil recruitment by binding to its G protein-coupled receptor LXA4R at the end of an acute inflammatory response. By blocking and removing chemokines and cytokines, neutrophils also contribute to the resolution of inflammation (100). Lipolytic mediators such as LXA4, resolvin E1, and protectin D1 promote C-C chemokine receptor type 5 (CCR5) production through apoptotic neutrophils, which then act as functional decoys and scavengers of chemokine (C-C motif) ligand 3 (CCL3) and CCR5 (101).

As a rule, neutrophils are regarded as short-lived cells that perform a very recurring role, such as releasing antibacterial chemicals, until more specialized cells arrive at the inflammatory site, allowing for more effective attacks. Half-lives in mice and humans are 1.5 and 8 hours, respectively (102, 103).To ensure that neutrophils are present at the site of inflammation, they are activated, and their life span is enhanced severalfold during the inflammatory process (104). Neutrophils are more complex than first thought. They exhibit phenotypic and functional diversity and are involved in the pathogenesis of both health and disease (43, 92), as a result of activation by a variety of cytokines, growth factors, and bacterial products (105). There is evidence that neutrophils contribute to the activation of other immune cells, regulation of inflammation, and wound healing, which is crucial for tissue integrity and ordinance and resolution of the inflammation process (92, 93). Upon exposure to specific stimuli, such as serum amyloid A17, particular mature neutrophils (which eventually grow into fully-formed granules and segmented nuclei) may multiply outside the bone marrow, lengthening their time in the tissue. Even though a more extended lifespan may allow neutrophils to perform more complex activities in the tissue, such as helping to resolve inflammation or establishing an adaptive immune response, their continuing presence in the tissue may harm other cells (94).

Finally, the treatment of apoptotic neutrophils is a critical step in addressing inflammation, which is carefully regulated by the expression of an “eat me” signal that initiates an anti-inflammatory program in phagocytes (106, 107). Indeed, the recognition and uptake of apoptotic neutrophils can influence the phenotype of macrophages (106), and macrophages themselves also polarize towards an anti-inflammatory type when they perform efferocytosis on apoptotic neutrophils, release anti-inflammatory factors and promote tissue repair (108, 109). Thus, neutrophils are part of the cellular cascade that coordinates the resolution of inflammation. They are important for shutting down the inflammatory response early and preventing the development of chronic inflammation.

One of the most effective ways neutrophils fight infection and tissue damage is through their immune system. Neutrophils are a specialist form of phagocyte. These cells can eat and destroy bacteria when they come into touch with them. An electron transfer system known as NADPH is a multi-protein electron transfer system that can be assembled and activated to generate reactive oxygen species (ROS) such as O2-, HO-, and H2O2 (43, 95). Myeloperoxidase(MPO) converts H2O2 to hypochlorous acid (HOCl). Neutrophils transport a variety of different cell particles with distinct components and functions (96). The neutrophil granules contain MPO, neutral protease (elastase, cathepsin G, protease 3, and azurin), and membrane permeability factors (lysozyme, defensin, and bacterial permeability-increasing protein), which are the main bactericidal granules (97, 98). This means that neutrophil activation and migration need to be strictly controlled in order to prevent tissue damage and inflammation from becoming out of control. GPCRs (G protein-coupled receptors) and their analogous G protein-coupled compounds (GPCCs) play an essential role in the trafficking and activation of neutrophils in vivo environments (99).

miRNAs play key roles in cellular processes such as granulocyte proliferation, activation, and apoptosis. Mef2c is an important regulator of granulocyte development. Johnnidis et al. found that miR-223-deficient mice had neutrophil hyperactivity and hyperinflammatory function caused by direct targeting of transcription factor MEF2C, suggesting that miR-223 is a negative regulator of granulocyte production and inflammatory response (110). These findings suggest that miR-223 acts as a regulator of granulocyte activation, effectively suppressing pathogenic immune responses (111). The overexpression of miR-21 is closely related to the activation of granulocytes (112). Elevation of miR-199 reduces neutrophil chemotaxis and migration by inhibiting the cyclin-dependent kinase 2 (Cdk2) pathway, ultimately reducing the inflammatory response (113). MiR-9 is a component of the feedback loop of granulocyte-induced inflammation, and miR-9 inhibits the synthesis of NF-κB by regulating the TLR4 pathway, thereby activating neutrophils (114). The role of miR-155 in granulocytes has been revealed in vitro and in vivo. MiR-155 is essential for granulocyte proliferation by regulating SH2-containing inositol 5’-phosphatase 1 (SHP1). An animal model study showed that elevated miR-155 produces myeloproliferative disorders, suggesting that miR-155 is critical for maintaining the balance of innate immune cells (96, 115).



4.1.2 miRNA and NETs

Under inflammatory conditions, neutrophils release a network of complexes consisting of chromatin DNA, histones, and granule proteins into the extracellular environment, leading to extracellular death, a structure known as a neutrophil extracellular trap (116). Granular proteins that have been identified in NET include antimicrobial proteins (such as lactoferrin, cathepsin G, defensins, LL37, and bacterial permeability-increasing proteins), proteases (such as neutrophil elastase, protease 3 (PR3), and gelatin enzymes) or enzymes responsible for the production of reactive oxygen species such as myeloperoxidase (MPO) (116). Recent evidence suggests that NETs and their components may be detrimental to host tissues and have contributed to the development of many non-infectious diseases (117), such as atherosclerosis (118), systemic lupus erythematosus (119), vasculitis (120), and thrombosis (121, 122). Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a systemic necrotizing vasculitis of small vessels characterized by the production of antineutrophil cytoplasmic antibodies against neutrophil cytoplasmic proteins (ANCA) (123, 124), targeting some NET components such as MPO, PR3 and neutrophil elastase (125). Methods such as DNase and NET-DNA targeting using NET-associated proteins have demonstrated that inhibiting the production of NETs can prevent tissue damage (126).

Recent studies have shown that NET and miRNA are very closely related. Linhares-Laseda et al. are the first to demonstrate the presence of NET-associated miRNA vectors and miRNAs in NET-enriched supernatants (NET-miRs). This provides a new class of molecules and a new protein platform that can be created and delivered in NETs. Their research revealed a novel role for NET in cellular communication, facilitating the transport of miRNAs from neutrophils to neighboring cells. NET, as a negative feedback loop, reduces hyperreactivity and maintains normal regulation of inflammatory responses (Figure 2). In monocytes/macrophages, the protein kinase C (PKC) pathway is involved in adhesion/migration, M1/M2 polarization, TLR activation and inflammatory cytokine production (127). It has been shown that the role of miRNA-142-3p may also affect these activities, suggesting that NET may allow extensive control of surrounding cellular functions through the release of miRNAs. Specifically, miRNA-142-3p carried by NET downregulates protein kinase Cα (PKCα) and regulates TNF-α production in macrophages when NET interacts with macrophages (128–130). Not only that, miRNAs released by surrounding cells via exosomes can also affect neutrophil NETosis formation. In Yong-Zhanggan et al.’ s study, exosomal miR-146a produced by oxLDL-treated macrophages stimulated ROS and NET production and worsened atherosclerosis by targeting SOD2 (131). The study by Reyes-García AML et al. showed that NET represents an important relationship between inflammation and thrombosis, and that both NET components DNA and H4 lead to increased HNF4A mRNA expression, which may suggest that it is partly involved in the Coagulation factor regulation. They determined that H4 induced decreased expression of specific miRNAs in the miR-17/92 cluster, which partially explains why H4 induced increased TF expression (132).




Figure 2 | miRNA-mediated regulation of inflammatory factors by NET released in neutrophils. Under the influence of the vascular inflammatory environment, neutrophils, for example, mature macrophages release exosome-loaded miR-146, which stimulates neutrophil development and maturation to form NETs. The NETs supernatant contains miRNA, such as miR-142-3p. miR-142-3p targets macrophages to release more pro-inflammatory factors, which in turn accelerate the formation of a pro-inflammatory environment.





4.1.3 miRNAs Regulate Neutrophil-Involved Chronic Diseases

Although it has been traditionally believed that the primary role of neutrophils is to effectively eliminate extracellular pathogenic factors, it is not surprising that neutrophils play an important role in the pathogenesis of many diseases based on the recent discovery of a wide range of neutrophil functions. Some results indicate that neutrophils have become an important determinant of chronic inflammation (133). In the following section we would discuss about the role of miRNAs in regulating neutrophils in chronic diseases such as sepsis, asthma, systemic lupus erythematosus and so on (Table 1).


Table 1 | miRNAs regulate neutrophil-involved chronic diseases.




4.1.3.1 Sepsis

When ill individuals encounter an inappropriate immune response, it can lead to exacerbations of sepsis, and the cardiovascular system is a susceptible system to sepsis (150). On the anti-inflammatory side, miR-21 drives an overwhelming inflammatory response by indirectly inhibiting the expression of the anti-infective mediator prostaglandin E2(PGE 2)/IL-10 (134). MiR-let-7b directly targets toll-like receptor 4 (TLR4) and nuclear factor κB (NF-κB), reducing interleukin-6 (IL-6), IL-8, tumor necrosis factor alpha (TNF-α) and other pro-inflammatory factors, up-regulate the anti-inflammatory factor IL-11 (140). In terms of pro-inflammatory, up-regulation of miR-146a, miR-887-3p, miR-155, and down-regulation of miR-223-3p play important roles. miR-146a modulates inflammatory responses by inhibiting the Toll-like receptor/NF-κB axis and sod2 and modulates NET formation by altering its senescence phenotype (136, 137). MiR-887-3p released by neutrophils increases endothelial release of chemokines and promotes transendothelial leukocyte migration (138). Furthermore, neutrophils promote vascular inflammation and atherosclerosis by delivering miR-155-carrying microvesicles to disease-prone areas (139). Downregulation of miR-223-3p promotes the expression of mitogen-activated protein kinase (MAPK)-interacting serum/threonine kinase 1 (MKNK 1), which regulates the abundance of neutrophil-expressed inflammatory factors involved in sepsis (135).



4.1.3.2 Asthma

Asthma is a chronic respiratory disease. Airway obstruction in asthma includes bronchial smooth muscle spasms and different degrees of airway inflammation, which are characterized by edema, mucus secretion, and inflow of various inflammatory cells (151). Expression of miR-223 in neutrophils inhibits the NLRP3/IL-1β axis, reduces airway inflammation, and reduces NLRP3 (Nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing 3) levels and IL-1β release (141). Has-miR-223-3P, a neurotropic miRNA, regulates TLR/Th17 signaling and endoplasmic reticulum stress by inhibiting the TLR/Th17 pathway (142). The up-regulation of miR-199a-5p in neutrophils is negatively correlated with lung function (143). MiR-629-3p damages the bronchial epithelium by inducing IL-8 mRNA expression and promoting inflammatory response (144). In addition, miR-26a, miR-146a, and miR-31 are also related to the levels of interleukin-5 (IL-5), IL-8, IL-12, and tumor necrosis factor-α (TNF-α) (152).



4.1.3.3 Systemic Lupus Erythematosus

Systemic lupus erythematosus is a chronic autoimmune disease characterized by the loss of self-tolerance and the formation of nuclear autoantigens and immune complexes. The disease has a wide range of manifestations, which can involve multiple organ system inflammations. The course of the disease is chronic or relapsed and alleviated, leading to significant morbidity and even mortality (153). In SLE, the down-regulation of miR-4512 in neutrophils promotes the expression of TLR4 and CXCL2, which has the function of promoting the formation of NETs (23). As a TLR-7 agonist, miR-let-7b appears in pro-inflammatory neutrophils (low-density granulocytes (LDGs)) NET of SLE and plays a role in inducing vascular cell pro-inflammatory response (145). In addition, the down-regulation of miR-125a weakened the original inhibitory effect on IL-16 gene, and the up-regulation of IL-16 expression directly acts on lung epithelial cells, thereby significantly enhancing the expression of neutrophil chemokines, leading to lung injury (146).



4.1.3.4 Other Chronic Diseases

In inflammatory bowel disease (IBD), miR-23a and miR-155 enhance the deleterious effects of neutrophils by targeting lamin B1 and RAD51 (a homologous recombination regulator), inhibiting tissue healing responses (148). Neutrophil-derived traces (NDTR) are membrane-derived vesicles produced by neutrophil migration toward inflammatory foci and contain pro-inflammatory miRNAs, such as miR-1285. MiR-1285 promotes intestinal inflammation and inhibits tissue repair by targeting the S-locusprotein 11 (SP11) gene. Other miRNAs in NDTR, including miR-1260, miR-4454, and miR-7975, have similar utility (144). In atherosclerosis, miR-146a (a brake of inflammatory response) is downregulated, thereby increasing NETosis and increasing thrombotic risk (137). In rheumatoid arthritis, citrullinated protein antigen and TNF-α decreased the expression of many miRNAs and their biogenesis-related genes, such as miRNA-223, miRNA-126 and miRNA-148a, thereby increasing their potential mRNA target. These miRNAs are mainly associated with migration and inflammation in synovial fluid neutrophils (154).In chronic pulmonary disease (COPD), miR-223-3P suppressed Granulocyte monocyte-colony stimulation factor (GM-CSF) secret and gene expression of the pro-Inflammatory transcription factor traf4, which is related to neutrophilic inflammation (147). In Adult-onset Still’s disease (AOSD), the expression of miR-223 in neutrophils is suppressed (149). In IBD, miR-23a and miR-155 can enhance the harmful effects of polymorphonuclears (PMNs) and inhibit the tissue healing response (148).





4.2 Macrophages

Macrophages are ubiquitous in our body, and most tissue-resident macrophages are seeded in the yolk sac in embryonic form for long-term self-renewal (155). Tissue macrophages are specialized according to the microenvironment of the tissue in which they live and have specific functions. Therefore, they are not only immune cells, but also participate in the formation of living tissues through specialized auxiliary functions, such as osteoclasts in bone (156), macrophages in intestinal muscularis (157), and small keratinocytes in brain tissue (158). The remaining macrophages were derived from monocyte-macrophages. Monocytes are present in the blood circulation and have a high degree of functional plasticity, providing the necessary support for their involvement in the initiation and subsequent resolution of inflammatory responses (4, 159). In an inflammatory response, damaged infected areas can chemotactically recruit mature monocytes, expose them to several cytokines and bacterial products, and differentiate into macrophages. They participate in inflammatory processes together with tissue-resident macrophages to maintain the macrophage pool in the tissue (160, 161).

Dynamic regulation of complex gene networks and signaling cascades that control macrophage polarization, priming, and plasticity through multiple layers of regulation of gene expression (162). Transcription and translation are complex processes that are tightly regulated and strongly influence cellular function. Specific miRNA subsets induced by different microenvironmental signals have been shown to modulate transcriptional output to obtain distinct macrophage activation patterns and polarization states, ranging from M1 phenotype to M2 phenotype (163), affecting multiple macrophages biology, such as monocyte differentiation and development, macrophage polarization, infection, inflammatory activation, cholesterol homeostasis, cell survival, and phagocytosis (164).


4.2.1 miRNA and the Plasticity of Macrophages

Macrophages are an important plastic cell. The local microenvironment can make macrophages directional polarization, from one phenotype to another phenotype (165). Macrophages are heterogeneous, and their phenotype and function are regulated by the surrounding microenvironment. Macrophages are generally divided into two distinct subpopulations: a) M1 macrophages (typically activated macrophages), induced to differentiate by lipopolysaccharide (LPS) alone or in combination with Th1 cytokines such as IFN-γ and TNF-α, secrete high levels of pro-inflammatory cells Factors, such as interleukin-1β (IL-1β), IL-6, IL-12, and cyclo-oxygen-ase-2 (COX-2), have pro-inflammatory effects. M1 macrophages have potent antibacterial and antitumor activities and are able to mediate ROS-induced tissue damage while impairing tissue regeneration and wound healing (166–169). b) M2 macrophages (alternately activated macrophages), which have anti-inflammatory and immunomodulatory effects, are polarized by Th2 cytokines (such as IL-4, IL-13) and produce anti-inflammatory cytokines (such as IL- 10, TGF-β). Exposure of M2 macrophages to the M1 signaling environment results in “repolarization” or “reprogramming” of differentiated M2 macrophages and vice versa (165, 168, 170, 171). M1 macrophages and M2 macrophages have distinct functional and transcriptional profiles, and the balance of polarization between them determines the fate of inflamed or injured organs. When in an infection or inflammatory response, macrophages first exhibit the M1 phenotype to resist the stimulation to release anti-inflammatory factors such as TNF-α and IL-1β. At this time, M2 macrophages secrete a large amount of IL-10 and TGF-β to inhibit inflammation, promote tissue repair, angiogenesis, and maintain environmental stability (51).

MiRNA-125, miR-127, miRNA-146, miRNA-155 and miRNA-let-7a/f were involved in the polarization of M1 macrophages, while miRNA-9, miRNA-21, miRNA-146, miRNA-147 and miR-223 regulates the polarization of M2 macrophages. Compared with miR-155 and miR-142-3p, miRNA-let-7a reduced macrophage proliferation. Macrophage apoptosis is negatively regulated by miR-21 and miRNA-let-7e (172–174). GATA binding protein 3(GATA3) is targeted by miR-720, whereas BCL6 is targeted by miR-127 and miR-155, all of which induce M1 polarization. The polarization of M2 macrophages is dependent on these two miRNAs (175, 176). On the other hand, overexpression of miR-720 reduces M2 polarization (175). There is evidence that miR-127 and miR-155 increase pro-inflammatory cytokines, and that M2 macrophages can be transformed into M1 macrophages by overexpression of miR-155 (22, 176–178). MiR-146a increases the expression of M2 marker genes (such as CD206) in peritoneal macrophages and decreases the expression of M1 phenotypic markers, resulting in M2 polarization of macrophages (such as IL-12) (179).

The role of miRNAs in regulating macrophage polarization allows it to influence the duration and intensity of the innate immune response, which helps prevent excessive macrophage inflammation. miRNAs may transform macrophages from pro-inflammatory to anti-inflammatory by affecting the expression of immune proteins (180, 181). MiR-146a and miR-155 are the earliest expressed miRNAs in LPS-induced macrophages and are controlled by NF-κB (182, 183). Numerous studies have confirmed that there is a negative feedback loop in the production of miRNAs in the NF-κB pathway (Figure 3). The NF-κB pathway is inhibited by miR-146a, which increases transcription of two distinct miR-146a targets: the adaptor proteins TNF receptor associated factor 6 (TRAF6) and interleukin-1 receptor associated kinase 1 (IRAK1) (182). MiR-155, a pro-inflammatory miRNA, is also involved in this negative feedback regulation, rapidly increasing NF-κB expression in macrophages using TLR ligands and type 1 interferons (184). Notably, miR-155 is a key component of various feed forward networks that regulate the length and intensity of inflammatory responses (185, 186).




Figure 3 | miRNA-mediated negative feedback loop of macrophage polarization to M1 type. TLR on the macrophage cell membrane, stimulated by bacterial LPS, activates NF-κB pathway, which in turn promotes the formation of miR-146a, and the formation of miR-146a inhibits NF-κB pathway by inhibiting IRAK1 and TRAF6. Expression and function are two distinct concepts for the same miRNA family members.



Members of the same miRNA family may have completely opposite regulatory effects. LPS-activated macrophages express distinct miR-125a and miR-125b, which play an antagonistic role in cellular inflammatory responses. In contrast to miR-125a, the level of miR-125b was decreased at an early stage in LPS-induced macrophages. Enhanced expression of miR-125b induces stronger IFN-γ responses and maintains activation of pro-inflammatory cells by targeting innovation and research focus (IRF4), thereby promoting M2 macrophage polarization (187, 188). Similarly, miR-146a and miR-146b may act as a relay system to buffer TLR4 trigger-induced expression of proinflammatory genes (189).



4.2.2 miRNAs Regulate Macrophage-Involved Chronic Diseases

Macrophages play a central role in the innate immune response and are the link between the innate and adaptive immune responses. Macrophages directly neutralize pathogens by phagocytosis and secrete chemokines and cytokines to coordinate the response of other immune cells (such as neutrophils and lymphocytes) and the stroma (159). Macrophages have a variety of functions, including: a) phagocytosis and killing, b) antigen presentation, c) mediating inflammatory responses, which include interleukin-1 (IL-1), IL-6, and TNF-α with different types of cytokines to achieve (190, 191), d) Tissue repair, regeneration and fibrosis (53), e) lipid metabolism (192).

As stated in “The Doctor’s Dilemma” (Act 1): “There is really only one truly scientific cure for all diseases, and that is to stimulate phagocytes.” Macrophages are key in chronic inflammation and related pathological processes cell (193). While macrophages are critical for effective control and clearance of infections, clearance of pathogens and dead cells, and promotion of tissue repair and wound healing, they may also cause tissue damage and pathological changes during infections and inflammatory diseases (194). What is more needed now is to calm them down so that the inflammatory response can be addressed. M2 macrophages play a key role in the resolution of inflammatory responses. Phagocytic debris, damaged or dead cells, and apoptotic neutrophils are essential functions of M2 macrophages in this process. During tissue breakdown, macrophages are the main source of lipid mediators and produce anti-inflammatory cytokines, and IL-10 and TGF-β are involved in tissue breakdown (195, 196). After being stimulated by the extracellular environment, macrophages can adjust their own miRNA secretion levels to adapt to the environment. In addition, miRNAs secreted by macrophages can also be transported to other cells through extracellular vesicles, thereby regulating the functions of these cells. The following summarizes the role of miRNAs in regulating macrophages in some chronic diseases (Table 2).


Table 2 | miRNAs regulate macrophage-involved chronic diseases.




4.2.2.1 Atherosclerosis

Vascular wounds heal slowly when stimulated by hyperglycemia, hypertension or nicotine. In the early stage of atherosclerosis, the vascular injury area becomes an inflammatory microenvironment, and inflammatory cells (such as neutrophils and macrophages) gather, making the vascular endothelium vulnerable to injury. In the mid-stage, lipids rich in blood impair the regenerative capacity of endothelial cells and cause the accumulation of moxLDL in macrophages, transforming into foam cells. In the advanced stage, it is difficult for the vascular wound to heal. The constant influx of lipoproteins causes the lipid clearance system of macrophages to fail. Cholesterol accumulation in the endoplasmic reticulum of macrophages leads to the same effects as activation of toll-like receptors 2 (TLR2) and 4 (TLR4) and inflammatory activation of macrophages (12). It can be seen that in the process of AS, macrophages are gradually damaged, resulting in secondary necrosis of apoptotic cells and aggravation of inflammation.

The regulation of macrophages by miRNAs exists in various stages of atherosclerosis. In the early stage of trauma, monocytes-macrophages are rapidly recruited by inflammatory factors and differentiate into large numbers of macrophages. Under the influence of a diminished generation of nitrotyrosine, miR-342–5p is up-regulated in macrophages and induces macrophages to produce pro-inflammatory factors (such as Nos2, IL-1β, and IL-6) by an Akt (protein kinase B) 1- and miRNA-155-dependent pathway. Up-regulation of miR-342-5p also results in decreased expression of Bmpr2 (bone morphogenetic protein receptor, type II). Bmpr2 mRNA may regulate the synthesis of inflammatory mediators in macrophages by binding to miR-342-5p, which competes with Akt1 (197). MiR-92a directly targets Krüppel-like factor 2 (KLF2) to increase the expression of KLF

2, endothelial nitric oxide synthase, and thrombomodulin (198). The expression of miR-155 in macrophages is increased. miR-155 can inhibit the proliferation of macrophages and reduce the content of diseased macrophages by targeting colony-stimulating factor-1 (178). The down-regulation of miR-383 in macrophages also has a similar effect. The down-regulation of miR-383 reduces energy consumption and increases the cell survival rate of bone marrow-derived macrophages by reducing the inhibition of the poly (ADP-ribose)-glycopyrrolate gene (PARG) (199). In addition, miR-10a is upregulated in macrophages and mediates Dicer lipolytic and anti-inflammatory effects by inhibiting ligand-dependent nuclear receptors and promoting fatty acid oxidation (200). In the late stage, under the induction of Free Cholesterol-Induced Macrophase Apoptotic Cells (FC-AM), miR-10b in resident peritoneal macrophages (RPM) was up-regulated to reduce the expression of ABCA1 in RPM, thereby reducing the size of late plaques and enhancing the stability of plaques (201). Stimulated by a variety of inflammatory mediators, including mildly oxidized low-density lipoprotein (moxLDL), miR-155 reduces the anti-infectious signaling proteins (Bcl-6) and phosphorylated-stat-3, thereby enhancing the expression of inflammatory mediators in macrophages (such as CCL2) and impairing efferocytosis. In the hypercholesterolemia environment, miR-302a is up-regulated to inhibit the expression of ATP-binding cassette transporter A1 (ABCA1), to stimulate the lipid-cleaning function of macrophages with cholesterol accumulation in plaques (202).

In addition, miR-17-5p, miR-140a, and miR-146a played a pro-inflammatory role in AS. SNHG16 is up-regulated and inhibits the expression of miR-17-5p, the proliferation, infectious factors, and NF-κB signaling factors are increased in macrophages, thus promoting the inflammatory response in AS patients and the proliferation of THP-1 macrophages (25). Monocyte-derived miR-140a inhibits IL-10 expression, enhances the pro-inflammatory capacity of ox-LDL-stimulated differentiated macrophages, and reduces IL-10-mediated anti-inflammatory response (205). MiR-146a, on the other hand, promoted the release of ROS and NETs by inhibiting SOD2 (131). In terms of anti-inflammatory, miR-155 from THP-1 macrophages inhibits foam cell formation and enhances cholesterol efflux (203). miR-34a regulates macrophage cholesterol efflux and reverses cholesterol transport by inhibiting ATP-binding cassette subfamily G member 1 (ABCG1) and liver x receptor α (204). In the aspect of tissue repair, exosomes derived from nicotine-treated macrophages inhibit phosphatase and tension homologue deleted from chromosome 10 (PTEN) by releasing miR-21-3p to promote the migration and proliferation of vascular smooth muscle cells (VSMCs) (206).



4.2.2.2 Obesity and Type 2 Diabetes Mellitus

Type 2 diabetes mellitus (T2DM) is a chronic low-grade inflammatory disease characterized by insulin resistance (IR) and pancreatic β -cell dysfunction. MiRNA-34a, miR-210, miR-690, and miR-467a-5p are related to insulin metabolism. Under the infiltration of adipose tissues, miR-34a in macrophages is up-regulated and inhibits Krüppel-like factor 4 (Klf4), which is able to inhibit the anti-inflammatory polarization of macrophages. miRNA is positively correlated with insulin resistance and metabolic inflammatory parameters (207). The macrophages in adipose tissues directly target the NADH dehydrogenase ubiquinone 1 α subcomplex 4 (NDUFA 4) gene by releasing miR-210 and promoting the onset of obesity-related diabetes by regulating glucose uptake and mitochondrial CIV activity (208). Anti-inflammatory M2-type macrophages are important to maintain normal metabolic homeostasis. M2-polarized bone marrow-derived macrophages (BMDM) secrete exosomes (Exos) containing miRNA, and miR-690 in the exosomes acts as an insulin sensitizer by inhibiting NAD kinase (NADK), thereby improving glucose tolerance (209). MiR-467a-5p, by targeting thrombospondin 1 (THBS1), increases the infiltration of macrophages in adipose tissues, increases the level of IL-6 in adipose tissues, and can prevent insulin resistance (210). Both miR-505-3p and miR-29 have pro-inflammatory effects. miR-505-3p is down-regulated and promotes the expression of the transcription factor (RUNX1). CCR3, CCR4, CXCR, and RUNX1 are increased in MΦ (macrophage), and this increase promotes pro-inflammatory macrophages (211). The miR-29 exosome promotes inflammation by promoting the recruitment and activation of circulating monocytes and macrophages in a TNF-receptor-associated factor 3 (TRAF3) dependent manner (212). Furthermore, our results show that pancreatic β cells regulate systemic inflammatory tone and glucose homeostasis through miR-29 in response to nutrient overload (212). Persistence of pro-inflammatory M1 macrophages in diabetic wounds contributes to the persistence of chronic inflammation in diabetic wounds. The persistence of M1 macrophage phenotype and its failure to remodel into M2-type macrophages play a key role in diabetic wound injury. The level of miR-21 has staged characteristics in diabetic wound healing. In the early and late stages of diabetic wound repair, miR-21 level is high, while in the middle stage of trauma, miR-21 level is significantly low. In macrophages, M1-polarized bacteriophage showed up-regulation of miR-21 and the pro-inflammatory factors IL-1β, TNF-α, and IL-6. In addition, hyperglycemia induces NOX2 expression and ROS production through the HG/miR-21/PI3K/NOX2/ROS signaling cascade. Dysregulation of miR-21 may lead to abnormal inflammation and persistent M1 macrophage polarization in diabetic wounds (225). The down-regulation of miR-712 reduces and inhibits the phosphorylation of p38 and ERK1/2 kinases and inhibits the pro-inflammatory transformation of macrophages by promoting the expression of apotant infectious gene LRRk2 (213). MiR-128-2 and miR-467a-5p participate in the regulation of macrophage cholesterol transport by inhibiting ATP-binding cassette transporter A1 (ABCA1), ATP-binding cassette subfamily G member 1 (ABCG1) and Retinoid X receptors α (RXRα) (24, 214).



4.2.2.3 Rheumatoid Arthritis

Rheumatoid arthritis is chronic inflammatory arthritis that can lead to irreversible cartilage and bone damage, characterized by persistent synovitis, systemic inflammation, and autoantibodies (226). The down-regulation of miR-221-3p promotes the expression of Janus kinase 3 tyrosine-protein kinase (JAK3) and drives M2 macrophages to show M1 cytokine characteristics, resulting in weakened anti-inflammatory response and enhanced pro-inflammatory response (215). The upregulation of miR-29b targets the high-mobility group box-containing protein 1 (HBP1) and promotes the persistent existence of CD14-positive peripheral blood mononuclear cells (PBMs) at inflammatory sites (216). Up-regulation of miR-20a inhibits receptor activation of NF-κB ligand (RANKL), thereby inhibiting the proliferation and differentiation potential of osteoclasts (219). MiR-132 and miR-574-5p target COX2 and TLR 7/8 signaling, respectively, to promote osteoclastogenesis and intensify rheumatoid arthritis (217, 218). MiR-6089 inhibits lipopolysaccharide (LPS)-induced cell proliferation and activation of macrophase-like THP-1 cells by inhibiting the level of TLR4 (220).



4.2.2.4 Infectious Bowel Disease

Infectious bowel disease (IBD) is a chronic and recurrent inflammatory bowel disease that is an abnormal immune response to intestinal microflora triggered by environmental factors in susceptible hosts. MiR-590-3p can activate the transcription regulated by YAP/β-catenin in macrophages, reduce inflammatory signals and promote epithelial regeneration by directly targeting large tumor suppressor, homolog 1 (LATS1) (222). The down-regulation of miR-148a increases the levels of GP130, inhibitor of nuclear factor kappa-B kinase α (IKKα), IKKβ, interleukin 1 receptor type 1 (IL1R1), and TNF receptor superfamily member 1b (TNFR2), resulting in the decreased activation of NF-κB and signal transducer and activator of transcription 3 (STAT3) in macrophages and colon tissues, and promotion of colitis (221). MiR-378a-5p, on the other hand, plays a vital role in the repair of colitis by targeting to nod-like receptor family, pyrin domain-containing 3 (NLRP3) (223).



4.2.2.5 Other Chronic Diseases

In liver cirrhosis and idiopathic pulmonary fibrosis, miR-142-5p prolongs STAT6 phosphorylation by inhibiting suppressor of cytokine signaling 1 (SOCS1) protein, leading to increased IgE, eosinophil infiltration, fibroblast proliferation and collagen synthesis, and aggravates tissue fibrosis (26). MiR-130a-3p attenuates its repression of peroxisome proliferator-activated receptor γ (PPARγ), which coordinates STAT6 signaling, and also promotes tissue fibrosis (26). In systemic lupus erythematosus (SLE), downregulation of miR-4512 leads to high expression of TLR4 and CXCL2 in macrophages, which release more pro-inflammatory factors (23). In adult-onset still’s disease (AOSD), miR-20a is upregulated in macrophages and suppresses the expression of the proinflammatory factor IL-18 (149). PKCδ (protein kinase C δ) is an important mediator of inducing Mϕ polarization. In myocardial infarction, miR-181b regulates macrophage polarization by targeting PKCδ. We summarize the above content in Table 2.






5 Conclusion and Future Perspectives

In this paper, the latest progress of miRNA in regulating neutrophils and macrophages is reviewed. miRNAs can determine the resolution of inflammatory responses by regulating the functions of neutrophils and macrophages, and thus serve as potential therapeutic targets for chronic diseases. miRNA can regulate the level of inflammatory factors in injured or infected sites by influencing the differentiation and function of neutrophils and the formation of NET, play a role in polycytosis of self-apoptosis, and participate in the development of chronic diseases through oxidation and hydrolysis derived from phagocytosis and killing. For macrophages, miRNA mainly participates in chronic diseases by regulating the polarization, phagocytosis, efferent cytopenia, and lipid metabolism of macrophages, and repairing, regenerating, and fibrosis of tissues.

However, it is not difficult to find from the foregoing that most of the current effects of miRNAs are concentrated in a certain part of a specific disease. For example, miR-223-3p is anti-inflammatory in the context of sepsis (135) while pro-inflammatory in the context of COPD (147). We can conclude from this that the effects of miRNAs are environment-specific, that is, the functions of miRNAs on neutrophils and macrophages are highly dependent on surrounding environmental factors, which makes miRNAs have inevitable side effects. Therefore, extensive experiments are needed to evaluate the global regulatory network of miRNAs to determine the therapeutic utility of miRNAs before they can be put into the clinic.
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Sepsis, a dysfunctional immune response to infection leading to life-threatening organ injury, represents a significant global health issue. Neonatal sepsis is disproportionately prevalent and has a cost burden of 2-3 times that of adult patients. Despite this, no widely accepted definition for neonatal sepsis or recommendations for management exist and those created for pediatric patients are significantly limited in their applicability to this unique population. This is in part due to neonates’ reliance on an innate immune response (which is developmentally more prominent in the neonate than the immature adaptive immune response) carried out by dysfunctional immune cells, including neutrophils, antigen-presenting cells such as macrophages/monocytes, dendritic cells, etc., natural killer cells, and innate lymphoid regulatory cell sub-sets like iNKT cells, γδ T-cells, etc.

Immune checkpoint inhibitors are a family of proteins with primarily suppressive/inhibitory effects on immune and tumor cells and allow for the maintenance of self-tolerance. During sepsis, these proteins are often upregulated and are thought to contribute to the long-term immunosuppression seen in adult patients. Several drugs targeting checkpoint inhibitors, including PD-1 and PD-L1, have been developed and approved for the treatment of various cancers, but no such therapeutics have been approved for the management of sepsis. In this review, we will comparatively discuss the role of several checkpoint inhibitor proteins, including PD-1, PD-L1, VISTA, and HVEM, in the immune response to sepsis in both adults and neonates, as well as posit how they may uniquely propagate their actions through the neonatal innate immune response. We will also consider the possibility of leveraging these proteins in the clinical setting as potential therapeutics/diagnostics that might aid in mitigating neonatal septic morbidity/mortality.
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Prevalence and Burden of Neonatal Sepsis

Neonates accounted for 47% of all mortalities in children under five years worldwide in 2020 (1). Sepsis, defined as a dysfunctional immune response to infection resulting in life-threatening organ injury (2), is the third leading cause of death in this group after prematurity or complications occurring during birth (3). Neonatal sepsis accounts for 13% of neonatal deaths and 42% of mortality in the first week of life (4). Globally, there are an estimated 2200 cases of neonatal sepsis per 100,000 live births with mortality ranging from 11 to 19% (5). Preterm infants are particularly susceptible, with premature neonates being 1000 times as likely as term counterparts to experience sepsis, as well as suffering from higher mortality and long-term morbidity (6).

In the United States, there is an overall mortality rate of 10% for septic infants, with a sharp increase up to 30% for those with any comorbidity (7). 36% of premature neonates born before 28 weeks gestation had at least one episode of bacteremia during their initial hospitalization with a mortality rate of up to 50% (6). Neonates in the US also have the highest rate of ICU admissions for sepsis of any age group and disproportionately high health care costs of 2-3 times those of adult septic patients, accounting for $1.1 billion in annual health care costs (7). Despite the high prevalence and significant health care burden of neonatal sepsis, reductions in mortality have lagged behind those seen in the overall pediatric population (4). In addition, the percentage of deaths in children under five years of age attributed to neonates has risen (1) showing that there is still significant room for improvement in the care of this vulnerable population.



Neonatal vs Pediatric Sepsis

The rising incidence of sepsis, as well as its significant rates of mortality and long-term morbidity, led to the development of consensus definitions and recommendations for adult patients in 1991 (8) which have had multiple revisions based on updated evidence (2). Initial guidelines for pediatric patients were published in 2020 (9) and included 77 recommendations on the management of sepsis in children, 49 of which were classified as weak recommendations based on limited and low-quality evidence. While neonates born at 37 weeks gestation or later are intended to be covered by these guidelines, premature infants (a significant proportion of the neonatal population) and studies addressing concerns specific to neonates, such as those related to perinatal infections, were excluded. This somewhat limits the application of these guidelines to neonatal sepsis.

Several distinct differences between neonates and older children need to be considered in the diagnosis and management of sepsis. Neonates likely have exposure to different pathogens than older infants or other children due to intrauterine infections or vertical transmission during birth (10). Neonates are also affected differently by exposure to certain organisms, with those often dismissed as contaminants in older children or adults causing significant morbidity and mortality in the neonatal population. The long-term impact of neonatal sepsis must also be considered given the rapid development of the brain during this period. Studies have shown that patients who experience sepsis as neonates go on to have neurodevelopmental changes that persist even decades later (11–13).

Even amongst neonates there is considerable heterogeneity. These differences are due to varied gestational age of the population, timing of sepsis (early vs late), and source of the infection (10). Rapid changes in renal function (14) and the ability to metabolize medications (15) also occur in the first few weeks of life, causing variability in how individual patients may respond to a given treatment. Changes in the normal values for vital signs (16) and common laboratory tests (17) also occur in the first weeks to months of life and most clinical signs of sepsis in children and adults lack specificity in neonates (10). Even blood cultures are unreliable, with as few as 1% of cases having positive cultures due to the need for small samples and antenatal maternal antibiotic administration. All of these issues present significant challenges in forming widely-applicable definitions and recommendations for the diagnosis and management of neonatal sepsis.



Animal Models of Neonatal Sepsis

While well-established models of sepsis in adult animals have vastly increased our understanding of the immune response to sepsis, the unique challenges posed by neonatal septic patients necessitate ongoing research using neonatal animals. Several models for neonatal sepsis have been developed to meet this need. Cecal ligation and puncture (CLP) is a commonly used model of intraabdominal polymicrobial sepsis in adult mice (18). This model has limitations in neonates, largely due to their small size and increased risk of cannibalization of the surgically manipulated neonates by the mothers (19). The cecal slurry (CS) model was developed to combat these issues. In this model, the cecal contents of adult mice are mixed with crystalloid fluid to create the slurry, which is then administered via IP injection to the study animals. The cecal slurry model induces bacteremia with mortality typically occurring between 12- and 72-hours following injection (20). This timeline is similar to that seen in septic human neonates (21). In addition to induction of sepsis via IP injection, pure bacteremia models utilizing IV injection of pathogens (22) as well as pneumonia models using intranasal administration (23) have been developed in rodents.

Models have also been developed to closely mimic necrotizing enterocolitis (NEC), a disease process most commonly seen in premature infants. These models typically involve gavage feeding of formula and either a single pathogen (24) or polymicrobial slurry (25, 26), often followed by induction of hypoxia to mimic ischemia-reperfusion (27). While there are several clear advantages to studying this disease process in rodents, including lower cost and larger litter size than other species, the inability to study premature animals limits the applicability of these models (20). Similar models have been developed using piglets (26, 28, 29) and non-human primates (30), but these species are more expensive and more difficult to care for. An additional limitation to these models of neonatal sepsis is the exclusion of antibiotic treatment and supportive care that would typically occur in human patients (20).



Immunology of Neonatal Sepsis

Due to a limited exposure to environmental microbes, neonates rely on the innate immune system, which offers a rapid, short-term, and unspecified response to microorganisms (31). After a pathogen bypasses epithelial barriers, its pathogen associated molecular patterns (PAMPs) are detected by pathogen recognition receptors (PRRs), such as toll-like receptors (TLRs) (32, 33). Binding to TLRs stimulates a response through the release of cytokines, chemokines, complement proteins, and coagulation factors (34–36). While neonates and adults have similar expression levels of TLRs, the subsequent responses from PAMP-TLR binding differs (37). Septic neonates have decreased production of proinflammatory cytokines [TNF-α, IFN-γ, and IL-1β (38–40)], potentially due to decreased production of intracellular mediators of TLR signaling (41).

Several immune cells, including neutrophils, play a major role in the innate immune response (42). In rats, neonates have smaller baseline neutrophil reserves with higher risk of depletion of these reserves following sepsis as compared to adults (43). Additionally, neonatal neutrophils have lower expression of adhesion molecules (44, 45), which facilitate binding to the vascular endothelium, reducing neutrophil migration to the site of infection by 50% (45). Neonatal neutrophils also exhibit reduced deformability, which, when coupled with sepsis-induced hypotension, may lead to microvascular occlusion and successive organ dysfunction (46). Neonatal neutrophils also have impaired NET formation (47), reduced phagocytic capabilities (48), and decreased levels of bactericidal proteins (49). In addition, they are less efficient in responding to apoptotic stimuli (50, 51), which may prevent the resolution of inflammation and lead to excessive tissue damage (52). Overall, the combination of these changes in neutrophil functions may make neonates more susceptible to sepsis than adults.

Other key immune cells also demonstrate significant differences in the neonatal immune response. Neonates have low levels of antigen presenting cells (APCs), monocytes, and dendritic cells (53). While these cells have comparable cell surface TLR expression to adult cells (53), they express lower levels of costimulatory molecules (CD80, CD40) (54). Such factors contribute to a reduced ability of neonates to protect themselves from an infection. Another difference between adults and neonates is seen in mast cells, which release more histamine upon stimulation in neonates (55), potentially contributing to vasodilation and septic shock in this population.

In contrast to decreased numbers of other immune cells, neonates have larger populations of NK cells than adults (56). Neonatal NK cells have increased expression of inhibitory receptors (CD94/NKG2A), lower cytotoxic ability towards their targets, and decreased degranulation ability, when compared to adult NK cells (57). IFN-γ release by neonatal NK cells appears to differ based on type of in vitro stimulation, with some experiments showing increased IFN production (57) and others showing decreased levels (39) as compared to adults.

γδ-T cells, while lymphoid in lineage, are also innate immune cells that provide protection from microbial infection through the release of IFN-γ (58). γδ-T cells found in human cord blood have decreased cytotoxic capacity (59), decreased cytokine release (60), and lower levels of perforin and granzyme B effector molecules. Neonatal γδ-T cells are immature, reaching adult levels of maturity by 2 years of age (61), and have limited ability to respond to bacterial infection. In contrast, following infection with influenza, neonatal γδ-T cells rapidly produce IL-17A and contribute to improved survival as compared to neonatal mice lacking these cells (62).

iNKT-cells are adaptive immune cells with innate-like functions that have been shown to play a role in the neonatal immune response. While these cells do not appear to express TLRs as other innate immune cells do, they are activated by proinflammatory cytokines or lipid antigens and trigger further cytokine production and activation of other immune cell populations (63). In neonatal mice, loss of these cells leads to improved survival following sepsis as compared to WT neonates (64). iNKT-cells also migrate to the peritoneal cavity and are important for the mobilization of macrophages following sepsis in neonatal mice. These findings suggest that iNKT-cells play an important role in the neonatal response to sepsis.



Role of Checkpoint Proteins in Sepsis

Two signals are required for T-cell activation to occur. First, an APC processes antigen and presents it to other cells via the MHC receptor (65). The T-cell receptor (TCR) binds to this antigen, creating the first signal. The second signal for activation is a co-stimulatory signal created by the binding of CD28 to B7, as an example (Figure 1). Concomitantly, co-inhibitory proteins, which can antagonize the second signal (66), are also present on various cell types, including APCs, T-cells, monocytes, macrophages, endothelial cells, tumor cells, etc. (67–70). These proteins allow for maintenance of self-tolerance in the body (71). The balance of co-stimulatory and co-inhibitory signals determines if the immune cell becomes activated or anergic/apoptotic (72).




Figure 1 | PD-1 suppresses T-cell activation by inhibiting several kinase pathways. T-cell activation occurs when the TCR binds the antigen (Ag) presented by MHC II. This first signal results in ZAP70, Lck, and Fyn recruitment to the CD3-ζ chain proximal to the TCR. The first signal promotes the ERK/MAPK and PKC-θ activation. The second signal occurs when CD28 binds to B7-1/2 and results in PI3K recruitment and downstream AKT pathway activation. PD-1 intrinsically suppresses T-cell activation. Upon interaction with PD-L1/2 the ITSM domain of PD-1 recruits SHP-1/2. Activated SHP-1/2 inhibit ZAP70 and PKC-θ phosphorylation. The ITIM domain of PD-1 is also phosphorylated and recruits SHP-1. This activated SHP-1 inhibits PI3K phosphorylation resulting in suppression of the AKT pathway. These mechanisms of PD-1 induced suppression results in reduced cytokine production, metabolic activity, proliferation, and B-cell lymphoma-extra large (Bcl-XL) mediated survival.



During sepsis, the immune system generates simultaneous inflammatory and immunosuppressive responses (73), with balance of these responses necessary to prevent an overwhelming inflammatory response that could kill the host. While the inflammatory phase eventually peaks and returns toward baseline, many patients demonstrate profound long-term immunosuppression following sepsis (74). Immune checkpoint inhibitor proteins are often upregulated during the septic response and are thought to play a role in this immunosuppression (75). Here we will discuss the roles of several checkpoint inhibitors in sepsis and what is known about their involvement specifically in the neonatal immune response (Table 1).


Table 1 | Brief summary of some selected checkpoint inhibitor ligands, expression, and signaling with relevance to the present discussion of neonatal sepsis.




PD-1 (Programmed Cell Death Protein 1)

PD-1 is a well-studied checkpoint inhibitor protein expressed on activated T-cells, NK cells, monocytes, dendritic cells, and γδ-T cells (67, 76). It is composed of an extracellular domain, transmembrane domain, and cytoplasmic tail containing an immunoreceptor tyrosine-based inhibitory motif (ITIM) and an immunoreceptor tyrosine-based switch motif (ITSM) domain (84, 85). Upon binding of PD-1 to its ligand (PD-L1 or PD-L2), PD-1 is phosphorylated and the SHP1/2 complex is recruited to the cytoplasmic tail (77) (Figure 1). This leads to inhibition of CD28-mediated activation of PI3K, blocking downstream activation of Akt and leading to decreased Bcl-xL, IL-2, and IFN-γ production (78). PD-1 also inhibits phosphorylation of CD3ζ, and ZAP70, PKCθ (79), though these effects can be reversed in vitro by administration of IL-2, IL-7, or IL-15 (86). To exert these inhibitory effects, PD-1 must be in close proximity to the antigen receptor. To facilitate this, PD-1 has been shown to translocate to form micro clusters with T-cell receptors on the surface of T-cells (87).

Following the induction of experimental sepsis in adult mice, increased PD-1 expression can lead to exhaustion of T-cells, characterized by decreased proliferation as well as decreased production of IL-2, IFN-γ, TNF-α, and chemokines (88) with the greatest level of inhibition seen at low levels of TCR stimulation (67). T-cells also demonstrate a shift toward the regulatory phenotype following PD-1 activation (88). These changes are thought to contribute to the immunosuppression seen after sepsis. Similar changes have been documented in human samples as well, with splenic T-cells from adult septic patients showing decreased capacity for IFN-γ and TNF-α production (89). Expression levels of PD-1 and its ligands also change in septic patients, with increased PD-1 expression on CD4+ T-cells and increased PD-L1 expression on macrophages and endothelial cells.

PD-1-/- adult mice develop autoimmune glomerulonephritis (90) and dilated cardiomyopathy (91), demonstrating the important role of this checkpoint inhibitor in maintenance of self-tolerance. However, in the response to sepsis, PD-1 activity leads to increased morbidity and mortality. PD-1-/- adult mice have demonstrated improved survival following sepsis induced by CLP (92). Treatment of WT animals with anti-PD-1 or anti-PD-L1 antibodies similarly leads to improved survival in models of bacterial (93) and fungal (94) sepsis.



PD-L1 (Programmed Death-Ligand 1)

PD-L1 is one of two ligands for PD-1. It is a type 1 glycoprotein containing IgC and IgV domains (84). The intracellular portion of the protein has been found to be highly conserved across species (67). In addition to its well-studied interaction with PD-1, PD-L1 has been found to interact with B7 (CD80), which is a known receptor for other immune checkpoint proteins such as CTLA-4 and CD28 (95). When bound to B7, PD-L1 inhibits T-cell activation independent of PD-1 involvement.

PD-L1 is widely expressed on both immune cells (including T-cells, B-cells, monocytes, macrophages, dendritic cells, bone marrow-derived mast cells, neutrophils, mesenchymal stem cells) (67, 68) and in various tissues, such as the cardiac endothelium, placenta, pancreatic islets, liver, lung, and skin (68). Its expression pattern varies based on the activation state of the cell, with lower baseline expression on T-cells and macrophages and significant upregulation on activated cells, though no such upregulation is noted on activated B-cells (67). It has also been found to be overexpressed on various cancers. This pattern of expression is thought to allow for regulation of the peripheral immune response and maintenance of self-tolerance in biologically vital tissues, as well as a mechanism for tumors to evade immune control.

In mouse models, PD-L1 deficiency exacerbates autoimmune diabetes (96) and increases susceptibility to experimental autoimmune encephalomyelitis (EAE) (97), suggesting a role in the prevention of autoimmune conditions. In sepsis, PD-L1 expression is upregulated on monocytes, dendritic cells, and capillary endothelial cells in the spleen (88). Monocyte PD-L1 expression levels also correlate with severity of illness and mortality in adult septic patients (98), suggesting a potential role as a prognostic marker in this population.



VISTA (V-Domain Ig Suppressor of T-Cell Activation)

VISTA (PD-1H, VSIR, B7-H5, SISP1, Dies 1) (69, 99–101) is a relatively recent addition to the B7 family of checkpoint inhibitor proteins. It was identified via comparison of cell surface protein expression of resting vs activated T-regs and shares approximately 24% homology to PD-L1 (69). It is a type 1 transmembrane protein with an extracellular Ig-V domain, transmembrane segment, and cytoplasmic tail. It contains 2 invariant cysteine residues common to other B7 family members, plus an additional 4 cysteine residues that are unique to VISTA. These additional residues are highly preserved across species and are thought to allow for VISTA-VISTA interactions. In addition to self-binding, VISTA interacts with VSIG3, which is overexpressed on various GI cancers (102), and PSGL-1, an adhesion molecule involved in leukocyte rolling that is upregulated in inflammatory states (103).

VISTA’s cytoplasmic tail contains SH2 and SH3 binding domains, allowing for signaling via STAT proteins (80). This leads to downstream inhibition of TLR-mediated activation of MAPKs and the NFκB pathway via a reduction in TRAF6 (81). Overall, VISTA activity has an inhibitory effect on naïve and memory T-cell proliferation without inducing apoptosis in these populations (69). It also leads to decreased production of IL-2 and IFN-γ.

VISTA is primarily expressed in hematopoietic tissues, including the spleen, thymus, and bone marrow, as well as in tissues with significant leukocyte infiltrates such as the lung (69). It has a lower level of baseline expression in the heart, kidney, brain, and ovary. VISTA expression is highly upregulated on APCs during the inflammatory response and is also constitutively expressed on macrophages, monocytes, dendritic cells, and T-cells. Like PD-L1, VISTA deficiency has been found to exacerbate autoimmune conditions in mouse models, including EAE (104) and lupus (105). In addition, while many of these checkpoint inhibitor proteins have similar downstream effects on the immune response, VISTA and PD-1 have synergistic, non-redundant functions (106). This suggests that targeting a combination of these proteins may prove to be more beneficial than targeting them in isolation.

Adult VISTA-/- mice have significantly decreased survival following septic insult as compared to their WT counterparts (107). They also demonstrate elevated serum markers of end-organ damage in the liver, as well as higher serum levels of several cytokines (IL-6, IL-10, TNF-α, MCP-1, IL-17F and IL-23). VISTA also appears to play an important role in the T-reg response to sepsis. While WT adult mice have increased T-reg abundance after sepsis, no such change is seen in VISTA-/- mice. In addition, the survival of VISTA-/- mice following sepsis returns to the WT baseline if VISTA-expressing T-regs are given via adoptive transfer prior to septic insult.



HVEM (Herpesvirus Entry Mediator)

HVEM is a type 1 transmembrane receptor protein (108) containing 4 cysteine-rich domains that allow for ligand binding (70). Its cytoplasmic domain recruits TRAF2 and TRAF5, leading to downstream activation of various transcription factors, including NFκB and AP-1. HVEM is widely expressed throughout the body. High expression levels have been found at baseline in fetal lung and kidney, as well as adult spleen and peripheral blood leukocytes, with lower baseline expression in adult non-lymphoid tissues. HVEM is highly promiscuous in its interactions and can act as either ligand or receptor depending on its binding partner. It has several known ligands, including TNF, LTα, LIGHT, BTLA, CD160, and HSV glycoprotein D (83, 108–110).

LIGHT is a type II transmembrane protein (109) that is expressed in the spleen and lymph nodes, as well as on macrophages, T-cells, and immature dendritic cells (111). Its expression is inducible and its binding with HVEM stimulates proliferation of T-cells, induces IFN-γ production, and weakly stimulates NFκB-driven transcription (109). It also blocks proliferation of tumor cells in vitro. LIGHT also interacts with LTβR (112). This interaction produces a wide range of downstream effects, including cell apoptosis, lipid metabolism, and regulation of lymph node formation.

BTLA is a member of the Ig superfamily of proteins and contains 2 ITIM domains (113). BTLA is expressed in the spleen and lymph nodes, with low-level baseline expression on CD4+ T-cells that significantly increases following T-cell activation (82). Its interaction with HVEM is unique in that it acts as a bidirectional switch, with opposing downstream effects depending on which protein acts as receptor and which as ligand, as well as the membrane conformation of the involved proteins (83, 114).

In adult mice after CLP, increased BTLA and HVEM-expressing macrophages, monocytes, dendritic cells, and neutrophils have been found in the peritoneal cavity (115), suggesting a role for these checkpoint proteins in local response to infection. BTLA knockout animals have increased survival, decreased indices of organ injury, and reduced peritoneal bacterial burden following CLP (115), while those treated with an agonistic BTLA antibody show increases in cytokine production, recruitment of inflammatory cells to the peritoneal cavity, and mortality (116).

Higher levels of soluble BTLA have also been found in septic patients, and these levels appear to correlate with severity of disease (117). BTLA expression on CD4+ T-cells also correlates with severity of sepsis in ICU patients and is associated with increased risk of developing nosocomial infections (118). The immunosuppressed phenotype seen in these patients with higher BTLA expression may in part be explained by the increased apoptosis of T-cells seen following BTLA activation. These findings suggest a role for BTLA in prognostication and management of septic patients.




Checkpoint Proteins in Neonates

While the role of checkpoint inhibitor proteins has been extensively studied in adults, significantly less data exists in neonates. In mice, PD-1-/- neonates have been found to have a significant survival benefit following CS-induced sepsis as compared to WT neonates (119), mirroring the survival benefit seen in adult knockouts after CLP. These PD-1 knockouts also have increased production of cytokines following sepsis, specifically IL-6, IL-10, and TNF-α, as well as differences in the cell composition of peritoneal infiltrates. PD-1 also appears to play a role in modulating the response of neonatal iNKT-cells to sepsis, with both PD-1-/- and iNKT-cell-/- neonates showing similar effects on peritoneal macrophage populations that are distinct from those seen in WT neonates following CS (64).

PD-1 expression on monocytes has been studied in premature human infants, who have been found to have a lower baseline expression than their term counterparts (120). Premature infants with sepsis, however, have a significantly higher percentage of PD-1-expressing monocytes, with even higher expression levels seen in those who died of septic shock. PD-1 expression has also been studied in the context of inflammation due to biliary atresia. Infants diagnosed with biliary atresia have been found to have increased PD-1 expression on hepatic and circulating T-cells, as well as lower levels of IFN-γ in the liver (121). In a virus-induced biliary atresia model in mice, PD-1 blockade has been shown to lead to increased levels of AST, ALT, and IFN-γ, suggesting that PD-1 plays a role in mitigating liver injury in this disease process.

In humans, stimulation of CD4+ T-cells isolated from neonates with Staphylococcus aureus leads to a conversion of those cells to FOXP3+ regulatory T-cells (122). Blocking PD-L1 prevents this shift from occurring, suggesting that PD-L1 plays a role in controlling the immune response. BTLA expression has also been studied in human neonates, with higher levels of expression on dendritic cells of septic vs nonseptic patients (123). Samples from septic neonates also showed decreased T-cell proliferation and decreased levels of maturation markers on BTLA+ dendritic cells. The higher level of BTLA expression also correlated with decreased phagocytosis and bactericidal ability, as well as with the severity of sepsis in these patients.

Overall, these findings suggest that while there are significant differences in the neonatal immune response as compared to adults, checkpoint inhibitor proteins play an important role in the immune responses of both populations. These findings also suggest that checkpoint inhibitors play some of their most significant roles in ‘innate’ as opposed to simply ‘adaptive’ immune responses to sepsis. Other innate immune cells, such as neutrophils and γδ-T cells, are likely also affected by loss or blockade of checkpoint inhibition, but further research is needed to explore the effects of manipulating various checkpoint inhibitors on these cells. It is clear from the paucity of data in this specific and vulnerable population that much work remains to be done to understand the mechanisms by which checkpoint inhibitor proteins impact the neonatal immune response before they can be studied as potential therapeutic targets.



Clinical Applications

While the roles of various checkpoint inhibitor proteins have been extensively studied in the setting of sepsis, their use as therapeutic targets in human patients is just beginning to be explored. Several phase 1b clinical trials have been undertaken to look at the safety of several compounds that target PD-1 and/or PD-L1 in septic patients (124, 125). These trials have not revealed any increase in cytokine levels or significant safety concerns, though they only include a small number of patients. Expanded trials will be necessary to quantify the risk of autoimmune side effects that could result from loss of checkpoint inhibition leading to impaired self-tolerance. These side effects have the potential to be especially concerning in the neonatal population as these patients have an underdeveloped immune system and are somewhat fragile as compared to adults. No trials have been performed using VISTA, HVEM, or any of their ligands as therapeutic targets and none have been performed in neonates. These provide areas of opportunity for further study and drug development.

Checkpoint inhibitor proteins are well-established therapeutic targets in oncology (Figure 2). Three medications have been developed and approved to target PD-1 [pembrolizumab (126), nivolumab (127), cemiplimab (128)], three for PD-L1 [atezolizumab (129), avelumab (130), durvalumab (131)], and one for CTLA-4 [ipilimumab (132)]. These medications are used to treat a wide variety of cancers, including breast, lymphoma, skin, lung, and GI tumors. Unfortunately, not all tumors respond to these medications due to different levels of expression of the checkpoint proteins (133). Combinatorial therapies have also been studied with success in reducing death and/or disease progression in several trials (134). While these medications have been used successfully in the setting of cancer immunotherapy, further trials will need to be done in septic patients to determine if the positive results seen in a chronic process such as cancer will also be demonstrated in the more acute setting of sepsis.




Figure 2 | Timeline of therapeutic applications of checkpoint inhibitor proteins. This timeline includes the initial FDA approval for each of the approved medications targeting checkpoint inhibitor proteins (PD-1, PD-L1, and CTLA-4), as well as the publications of phase 1 clinical trial results for two of these medications in septic patients.





Conclusions

Despite advances in knowledge about the mechanisms, diagnosis, and management of sepsis, significant gaps remain in the setting of neonatal sepsis, which continues to be a large burden on healthcare globally. The differences between the neonatal and adult immune response make it impossible to extrapolate findings in adult animals or patients to neonates, and further work needs to be done to understand how sepsis affects this population. Checkpoint inhibitor proteins, such as PD-1, PD-L1, VISTA, and HVEM, have been shown to play an important role in modulating the immune response to sepsis in adults. Significantly less data exists for neonates, providing an additional area for further research. Current data suggests that these proteins may prove to be useful for diagnosis, prognostication, and even treatment of septic patients, but there is still more work to be done before this can be applied in clinical practice.
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Despite the power of antibiotics, bacterial infections remain a major killer, due to antibiotic resistance and hosts with dysregulated immune systems. We and others have been developing drug-loaded nanoparticles that home to the sites of infection and inflammation via engineered tropism for neutrophils, the first-responder leukocytes in bacterial infections. Here, we examined how a member of a broad class of neutrophil-tropic nanoparticles affects neutrophil behavior, specifically questioning whether the nanoparticles attenuate an important function, bacterial phagocytosis. We found these nanoparticles actually augment phagocytosis of non-opsonized bacteria, increasing it by ∼50%. We showed this augmentation of phagocytosis is likely co-opting an evolved response, as opsonized bacteria also augment phagocytosis of non-opsonized bacteria. Enhancing phagocytosis of non-opsonized bacteria may prove particularly beneficial in two clinical situations: in hypocomplementemic patients (meaning low levels of the main bacterial opsonins, complement proteins, seen in conditions such as neonatal sepsis and liver failure) or for bacteria that are largely resistant to complement opsonization (e.g., Neisseria). Additionally, we observe that; 1) prior treatment with bacteria augments neutrophil uptake of neutrophil-tropic nanoparticles; 2) neutrophil-tropic nanoparticles colocalize with bacteria inside of neutrophils. The observation that neutrophil-tropic nanoparticles enhance neutrophil phagocytosis and localize with bacteria inside neutrophils suggests that these nanoparticles will serve as useful carriers for drugs to ameliorate bacterial diseases.
Keywords: nanoparticle, nanomedicine, neutrophil, phagocytosis, opsonization, complement
1 INTRODUCTION
The introduction of antibiotics last century has left the lay public thinking that bacterial infections are a relatively solved problem, but the clinical reality is that these diverse diseases still cause a huge number of deaths and severe illnesses, even when antibiotics are used (File and Marrie, 2010; Xu et al., 2020; Rubey and Brenner, 2021; WHO, 2021). The reasons for incomplete effectiveness include at least 3 major factors: First, the “host response” to bacteria is often deleterious, epitomized by sepsis-induced organ failure (Pechous, 2017; Lelubre and Vincent, 2018). Second, bacterial resistance to antibiotics is rising precipitously (Boucher et al., 2009; Reardon, 2015; Centers for Disease Control and Prevention, 2019). Third, many hosts, by virtue of age, underlying condition, or therapeutic regimen, are immunocompromised and unable to clear bacteria even in the presence of antibiotics (Grant and Hung, 2013; Tosi et al., 2018). All of these problems are compounded by a lack of innovation in therapies compared to other fields (Silver, 2011).
To solve this problem, we and others have been developing nanoparticles that can deliver drugs directly to the site of infection (Rubey and Brenner, 2021). This approach may address each of the 3 problems listed above, depending on whether the cargo drug is an antibiotic, whose therapeutic index can be improved by localization, or an immunomodulator. A particularly promising method for targeting these nanoparticles to acute infections is directing the nanoparticles to neutrophils. Neutrophils are “first responder” leukocytes for most acute bacterial infections, and massively accumulate in sites of infection (Yipp et al., 2017). By delivering antibiotics to neutrophils, nanoparticles could improve bacterial killing. This may be especially useful for antibiotics that cannot cross neutrophil membranes, such as aminoglycosides. Alternatively, neutrophil-tropic nanoparticles could deliver anti-inflammatories to modulate some of the neutrophils’ more deleterious responses (part of the dysregulated host defense of sepsis (Zemans, Colgan and Downey, 2009)), such as production of tissue damaging mediators such as neutrophil extracellular traps (NETs) (Yipp and Kubes, 2013), reactive oxygen species (ROS), and proteases (Moraes, Zurawska and Downey, 2006). Nanoparticles with tropism for neutrophils have potential to greatly improve most key aspects of acute bacterial infections, and even non-bacterial inflammatory diseases, such as acute respiratory distress syndrome (ARDS), the highly neutrophilic lung inflammation that kills in COVID-19 (Sinha et al., 2022).
We recently reported a nanomaterials screen to identify nanoparticles with strong tropism to the neutrophils that accumulate in the capillaries of the lungs during inflammation and play a major role in pneumonia, COVID-19, and ARDS (Myerson et al., 2022). We found a broad class of nanoparticles with neutrophil-tropism: “nanoparticles with agglutinated proteins” (NAPs). NAPs have surface-accessible proteins arranged in a non-crystalline pattern (meaning agglutinated/amorphous). By contrast, crystalline protein nanoparticles (viral capsids, ferritin, etc), which have their surface proteins arranged in a fixed and regular pattern, do not have neutrophil tropism. We showed this tropism is due to the fact that NAPs rapidly bind the serum proteins, including C3b and other complement proteins, suggesting complement activation, while non-NAPs do not. Complement is an important component of the immune system that aids phagocytic cells in recognizing particulate matter to be phagocytosed. Previous studies have been dedicated to further understanding of complement binding and activation caused by nanoparticles as it can be a barrier to a nanocarrier’s therapeutic potential (Scieszka et al., 1991; Inturi et al., 2015; Chen et al., 2017; Moghimi and Simberg, 2017; Betker et al., 2018; Vu et al., 2019). We have chosen to use this property to our advantage as serum-opsonization of NAPs is essential for their strong neutrophil tropism.
To develop NAPs for targeted delivery to neutrophils in infectious diseases, such as pneumonia, we aim here to ensure that NAPs coordinate with the key beneficial functions of neutrophils, and do not negatively impact their function. Previous studies have shown that nanoparticle phagocytosis may decrease neutrophil adhesion and migration (Fromen et al., 2017). Probably the most essential function of neutrophils during infections like pneumonia is phagocytosis of bacteria, since phagocytosis is necessary for killing of certain bacteria (Lee, Harrison and Grinstein, 2003). Here, we tested neutrophil phagocytosis of NAPs before and after neutrophil phagocytosis of the common bacterial pathogen, E. coli. We found that NAPs do not negatively impact neutrophil phagocytosis of bacteria and NAPs localize to neutrophils that have also taken up bacteria. Quite surprisingly, NAPs, given after bacteria, enhance efficiency of neutrophils’ phagocytosis of bacteria that have not been opsonized by serum proteins. This effect, termed here second particle augmentation factor (2PAF) was illustrated in both: flow cytometry and microscopy. Our results suggest applicability of NAPs to two important clinical situations: hypocomplementemic states (e.g., the neonate (Wolach et al., 1994; Kemp and Campbell, 1996; Schelonka and Infante, 1998; McGreal et al., 2012; Zimmermann and Jones, 2021) and liver failure) and bacteria that have strong complement-defense mechanisms (Flannagan, Cosío and Grinstein, 2009) (e.g., Neisseria coats itself in the complement inhibitor Factor H). In such clinical situations, NAPs’ augmentation of bacterial phagocytosis and colocalization with bacteria in neutrophils could provide a major benefit, beyond the benefits of cargo drugs themselves.
2 RESULTS AND DISCUSSION
We recently developed a diverse class of nanoparticles with neutrophil-tropism: NAPs(Myerson et al., 2022). In the present study, we focus on a prototypical member of this class, lysozyme-dextran nanogels (hereafter referred to as “nanogels” or NGs). NGs have the benefit for antibiotic delivery of prolonged nanoparticle shelf-life (years at 4C) and a very high drug-to-carrier mass ratio (Myerson et al., 2018, 2019).
In these experiments with nanogels, we again confirmed our previous findings that particle uptake is enhanced by opsonization by complement proteins present in serum (Myerson et al., 2022). When complement protein C3 is depleted from serum via cobra venom factor (CVF) (Haihua et al., 2018), we see a significant decrease in the percent of neutrophils that take up nanogels (Supplemental Figure S1). The green serum nanogels (second green bar) showed ∼80% positivity, as compared to the green CVF nanogels (third and fifth green bars) which had ∼30% positivity. It has been well established that complement binding to E. coli is necessary for neutrophil phagocytosis of the bacteria (Horwitz and Silverstein, 1980; Brekke et al., 2007). We utilized serum-opsonization of both NAPs and E. coli bioparticles for these experiments.
One of the first tests of whether these nanocarriers can be used to augment bacterial killing is whether neutrophils will take up the nanocarriers after having been exposed to bacteria. In this experiment, diagrammed in Figure 1A, neutrophils were incubated with heat-killed E. coli bioparticles which have surface conjugated pHrodo green, a pH-sensitive dye that fluoresces green only when in the low pH environment of the phagosome. After this 60-min 37°C incubation, the neutrophils were pelleted and washed to remove free bacteria. The neutrophils were then incubated with nanogels for 15 min, and subjected to flow cytometry. Before exposure to neutrophils, half the samples of E. coli were serum-opsonized (hereafter referred to as “Serum EC”), while the other half were not exposed to serum (simply labeled as “EC” in Figure 1). Similarly, nanogels were divided into serum-opsonized (“Serum NG”) and not (simply “NG”).
[image: Figure 1]FIGURE 1 | Nanogels augment phagocytosis of E. coli. (A) Neutrophils were incubated with pH-sensitive fluorescent E. coli that only fluoresce in the low pH of the phagosome, thus allowing detection of their phagocytosis. Notably, E. coli that bind to the exterior of neutrophils but are not internalized do not fluoresce. First neutrophils were exposed to green E. coli, thoroughly washed to remove unbound E. coli, and then incubated with red nanogels (“NG”). Importantly, before exposure to the neutrophils, select aliquots of nanogels and E. coli were opsonized by serum and thoroughly washed before exposure to neutrophils. (B) Representative dot-plots of the neutrophils subjected to flow cytometry after the second incubation, examining for green fluorescence (x-axis, indicating phagocytosis of the E. coli) and red (y-axis, nanogels). At the top of each subpanel, we indicate whether the E. coli (EC) were not exposed to serum (simply “EC”) or were serum-opsonized (“Serum EC”); similar notation is used for nanogels without serum exposure (simply “NG”) or those that were serum-opsonized (“Serum NG”). Neutrophils positive for uptake of green E. coli are represented as dots to the right of the vertical bar in the middle of the plot, with that threshold determined by measuring fluorescence of E. coli not exposed to any E. coli. Similarly, neutrophils represented as dots above the horizontal line are positive for red nanogels (C) Diagram of the proposed mechanism underlying this 2PFE of 1.5. Some E. coli remain bound to the neutrophil surface even after thoroughly washing the cells (second neutrophil image), but these surface-bound E. coli do not fluoresce since buffer pH of ∼7 prevents their pH-sensitive dye from fluorescing. When these neutrophils encounter Serum NG, they phagocytose not just the nanogels, but also the E. coli (third neutrophil image), causing the E. coli to fluoresce in the low pH of the phagosome (fourth neutrophil). (D) Quantification of the flow cytometry experiments with n = 6 biological replicates for each sample. The bottom axis lists for the first and second incubations whether the E. coli and nanogels were first exposed to serum or not. The y-axis lists the % of neutrophils that were positive for phagocytosed E. coli (recalling that pH-sensitive E.coli on the surface of neutrophils will not fluoresce). Among the many bars to compare, the most important is comparing the first vs. third red bars, which both measure the % of neutrophils that phagocytosed non-serum-opsonized E. coli (EC). When the second incubation was with NG (not serum exposed), only 55% of neutrophils were positive for the EC presented during the first incubation. However, when the second incubation was with Serum NG, 85% of neutrophils were positive for the EC presented during the first incubation. This important ratio (first vs. third red bar), which we call the “second particle augmentation factor (2PAF)” was ∼1.55 (inset in box, red), and measures the fold-increase in phagocytosis of ECs induced by Serum NG (compared to non-serum-exposed NG, which serves as an internal control). Notably, while Serum NG augment uptake of (non-opsonized) EC by 50% (2PAF of 1.5), Serum NG do not significantly augment neutrophil uptake of Serum EC (second vs. fourth red bar, 2PAF = 1.0, blue bar in inset). Thus, Serum NG only augment phagocytosis of non-opsonized E. coli.
Flow cytometry was gated to analyze neutrophils exclusively (Supplemental Figure S2). Representative flow cytometry dot-plots are depicted in Figure 1B and quantified in n = 6 biological replicates in Figure 1D. We compared the summary statistic of the percentage of neutrophils positive for E. coli and/or nanogel fluorescence. Among the numerous comparisons that can be made in this dataset, a surprising finding is demonstrated by comparing the first and third E. coli uptake values (red bars) in Figure 1D. These conditions measure the fraction of neutrophils that are positive for phagocytosis of E. coli that had not been exposed to serum (“EC”). When these neutrophils were incubated with nanogels that had not been exposed to serum (first red bar), 55% of the neutrophils were positive for E. coli phagocytosis. This percentage of neutrophils positive for E. coli went up to 85% if the nanogels had been pre-opsonized by serum. This means that serum-opsonized nanogels are able to augment E. coli phagocytosis. This augmentation occurred even though the nanogels were delivered after free E. coli had been washed away from the neutrophils.
We term this enhancement the “second particle augmentation factor” (2PAF) and define it for this particular experiment (Figure 1) as the following ratio: (% neutrophils positive for EC phagocytosis when the second delivered particle is Serum NG)/[% neutrophils positive for EC phagocytosis when the second delivered particle is (non-serum-exposed) NG]. 2PAF can be more generally defined as: (% neutrophils positive for particle #1 phagocytosis, given that particle #2 is serum-opsonized)/(% neutrophils positive for particle #1 phagocytosis, given that particle #2 was not exposed to serum); where particle #1 refers to the particle (or microbe) neutrophils are exposed to in the first incubation, and particle #2 refers to the second incubation. Thus, a 2PAF >1 indicates that serum-opsonized particle #2 are able to augment phagocytosis of particle #1 (as compared to the control condition, which uses particle #2 that was not exposed to serum). Calculating the 2PAF for non-serum exposed E. coli (EC), we thus get 2PAF = 85%/55% = 1.55, meaning that serum-opsonized nanogels increase neutrophil phagocytosis of these E. coli by 50% (Figure 1D, inset, blue bar). A 2PAF >1 is only found when the E. coli have not been serum opsonized: 2PAF = 1 when using serum-opsonized E. coli, a 0% increase (Figure 1D, inset). Thus, serum-opsonized nanogels are able to augment uptake of non-opsonized bacteria, but not opsonized bacteria, the latter of which are already phagocytosed so extensively (∼100%) that we cannot detect improvement within the dynamic range of this assay. These findings that serum-opsonized nanogels would be most effective in augmenting phagocytosis of bacteria that are not complement-opsonized, such as bacteria that evade complement by covering themselves with Factor H (Neisseria, etc), or bacterial infections in hypocomplementemic hosts (e.g., neonatal sepsis). The mechanism by which serum enhances NAP phagocytosis is through coating the particles with complement proteins (e.g., C3), as shown previously (Myerson et al., 2022), and in Supplemental Figure S1. While complement opsonization is necessary for enhanced phagocytosis of NAPs, it is not known whether the 2PAF augmentation effect is also complement-dependent, a question that warrants future investigation.
A hypothesis to explain this enhancement is outlined in Figure 1C. The neutrophils are first incubated with green E. coli that fluoresce only when in the phagosome, since the E. coli is conjugated to the pH-sensitive dye pHrodo green. After incubating the E. coli with the neutrophils, free E. coli are removed by pelleting and thoroughly washing the neutrophils. However, some E. coli remain bound to the surface of the neutrophils (depicted in the second neutrophil of Figure 1C), but they will fluoresce minimally in subsequent flow cytometry unless they are internalized into an acidic compartment. Upon addition of serum-opsonized NGs, these surface-bound E. coli become phagocytosed as bystanders when the NGs are phagocytosed (third neutrophil of Figure 1C). This leads to the E. coli particles accumulating in the low-pH phagosome, where they fluoresce during flow cytometry. Thus, the use of E. coli that fluoresce only in the phagosome allowed detection of a 2PAF >1. As the free, unbound E. coli was removed prior to exposure to NGs, the E. coli present for the second exposure (NG) was neutrophil-bound. Thus, the mechanism of the 2PAF likely represents NG-facilitated phagocytosis of previously bound E. coli rather than a non-specific enhancement of phagocytosis.
Having made the finding that nanogels can augment phagocytosis of bacteria, we tested whether this was a phenomenon unique to NGs. We performed experiments with NGs replaced as a “second particle” by a second E coli particle, checking whether the second bacterial particles could enhance uptake of bacteria that were delivered during a first incubation. The experimental protocol was the same as Figure 1A, except that particle #1 was pHrodo green E. coli, and particle #2 was pHrodo red E. coli (Figure 2A). Here, the relevant conditions to compare are Figure 2C’s first vs third green bars. This shows that phagocytosis of EC (non-serum exposed E. coli) is augmented by subsequent delivery of Serum EC (serum-opsonized E. coli). Indeed, the 2PAF = 1.65, or a 65% increase, (Figure 2C, inset, blue bar), is very similar to the 2PAF = 1.55 achieved with nanogels as particle # 2 (Figure 1C, inset, blue bar). Once again, the 2PAF is >1 only when the first-delivered particle (EC) had not been opsonized. Thus, the NGs’ ability to augment uptake of bacteria is not unique to NGs, but is recapitulated in the neutrophil response to bacterial pathogens given in sequence. Our prior work shows that NGs, like bacteria, have tropism for neutrophils due to their rapid opsonization by complement (Myerson et al., 2022). The parallel 2PAF effects for NGs and E. coli coincide with these similar uptake mechanisms.
[image: Figure 2]FIGURE 2 | Similarly to serum-opsonized nanogels, serum-opsonized E. coli augment internalization of non-opsonized E. coli. (A) Experimental scheme, similar to Figure 1A, but the second incubation was with E. coli. Note the first incubation was green E. coli, while the second was red E. coli. This experiment tests if, similar to serum-opsonized nanogels, E. coli can augment phagocytosis of previously delivered E. coli. (B) Representative dot-plots of the neutrophils, using the same notation as Figure 1. (C) Quantification of flow cytometry experiments (n = 6 biological replicates). Analogous to Figure 1, the most important comparison is the first vs. third green bars, which both measure the % of neutrophils that phagocytosed non-serum-opsonized green E. coli (EC) which were present during the first incubation. When the second incubation was also with EC, only 50% of neutrophils were positive for the green EC presented during the first incubation. However, when the second incubation was with Serum EC, 85% of neutrophils were positive for the green EC presented during the first incubation. Thus, when the first particle is EC, the “second particle augmentation factor (2PAF)” was ∼1.65 (inset, red). While Serum EC augment uptake of (non-opsonized) EC by 65%, Serum EC do not significantly augment phagocytosis of Serum EC that were present in the first incubation (2PAF = 1.0, blue bar in inset). Also notable is that Serum EC delivered as the first particle augments the uptake of EC delivered second (second red bar vs. first red bar), showing the 2PAF effect does not depend on other order in which particles are delivered.
Having established that both serum-opsonized NGs and serum-opsonized bacteria can augment phagocytosis of non-opsonized bacteria, we questioned whether NG uptake could be similarly enhanced. We used the same protocol as above, except with particle #1 as NGs (green), and particle #2 as a separate sample of NGs (red) (Figure 3A). Comparing the first and third green bars in Figure 3C, we see that serum-opsonized NGs are minimally able to augment phagocytosis of previously delivered NGs. Thus, 2PAF = 1.23. These results may be attributed to difference in fluorophores of the E. coli bioparticles and NGs, as NGs fluoresce equally well on the surface of neutrophils (pH 7) and in phagosomes (pH 4–5). More likely though, the low levels of first incubation NG fluorescence observed in the first and third green bars suggest that neutrophils do not retain nanogels on their surface after washing, which would thus prevent augmentation by nanogels delivered during the second incubation. Figure 3C also shows that non-opsonized particle #2 NG uptake (the first red bar) is higher than non-opsonized particle #1 NG uptake (the first green bar). Under certain circumstances, such as these, exposure of neutrophils to a first particle (even one that is mostly washed away) may increase the phagocytic efficiency of the neutrophils for nanoparticles that are delivered later. This finding is consistent with previous studies showing neutrophils are known to change their activity state after phagocytosis (Bazzoni et al., 1991). Figure 3 suggests that the order and timing of particle delivery matter significantly.
[image: Figure 3]FIGURE 3 | Serum-opsonized nanogels do not augment neutrophil association with previously delivered nanogels. (A) Similar to the paradigm described in Figure 1, neutrophils were exposed to green nanogels, followed by washing to remove unbound neutrophils, then exposed to red nanogels, washed, and then the neutrophils were subjected to flow cytometry. (B) Representative flow cytometry dot-plots. (C) Quantification of n = 6 biological replicates. The most notable comparison is the first and third green bars, which indicate that serum-opsonized nanogels (“Serum NGs”) do not augment the fraction of neutrophils that are positive for binding to non-serum-exposed nanogels (“NGs”). Notably, unlike the pH-sensitive E. coli used in Figures 1, 2, nanogels fluoresce both when bound to the neutrophil surface and when in the phagosome. Thus, it is possible that some NGs are bound to the neutrophil surface and then internalized after exposure to Serum NGs, but this assay cannot detect such internalization events. Another major result of this set of conditions is that Serum NGs have uniformly high uptake into neutrophils regardless of whether the neutrophils were first exposed to other nanogels (NGs or Serum NGs), suggesting the neutrophils do not saturate their uptake of Serum NGs in this dynamic range (they do not “get full”).
Finally, we administered E. coli as particle #2 after NGs as particle #1 (Figure 4A). As in Figure 3, when NGs are delivered first, their uptake is minimally augmented by a second particle with 2PAF = 1.17, even when the second particle is highly stimulatory serum-opsonized E. coli (Figure 4C, first vs. third green bars).
[image: Figure 4]FIGURE 4 | Serum-opsonized E. coli are also unable to augment neutrophil association with previously delivered nanogels. (A) Here the first particle is nanogels, while the second particle is E. coli. Thus, this tests if EC can augment neutrophil association with nanogels. (B) Representative flow cytometry dot-plots. (C) Quantification of n = 6 biological replicate. The most notable comparison again is the first and third green bars, which indicate that serum-opsonized E. coli (“Serum ECs”) do not augment the fraction of neutrophils that are positive for binding to non-serum-exposed nanogels (“NGs”). A second important result is that nanogels do not decrease neutrophil phagocytosis of E. coli (all red bars are equal). This is clinically relevant because it means that if a neutrophil phagocytoses a nanogel and then later encounters a bacterium, the nanogel will not reduce the likelihood of uptake of the bacterium. Thus, the nanogels do not induce immunosuppression by this metric.
Figure 4 also shows that delivery of NGs before E. coli does not impair neutrophils’ uptake of E. coli: levels of E. coli uptake were identical for all conditions tested in Figure 4C. This is an important result in the path to clinical translation of neutrophil-tropic nanoparticles, as such nanoparticles might compromise therapy if they inhibited subsequent phagocytosis of bacteria.
Taken together, the data presented here strongly indicate that serum-opsonized nanogels and E. coli augment phagocytosis of non-opsonized bacteria. We sought to confirm and extend these flow cytometry results with a complementary approach. Therefore, we performed a similar protocol of exposing neutrophils to nanogels and bacteria, but this time we analyzed the cells using microscopy. Not only could this serve as a confirmation of the flow cytometry results, but imaging data additionally can determine if the particles #1 and #2 co-localize with each other within the cell, which gives further insight into the 2PAF phenomenon.
We began this line of experiments by performing the same sequential delivery protocol used in flow cytometry experiments, but instead of flow cytometry, cells were fixed in suspension with paraformaldehyde and adhered to glass for microscopy imaging. Figure 5A–C provide representative microscopy data. Figure 5A shows data where both particle #1 and particle #2 are E. coli. We found the same result as in flow cytometry: Serum EC delivered as particle #2 augmented neutrophil phagocytosis of (non-opsonized) EC delivered as particle #1 (compare green and yellow signals in Figure 5Aii vs. Figure 5Ai). Yellow signal in Figure 5A indicates intracellular overlap between green (particle #1) and red (particle #2) E. coli inside of neutrophils, consistent with a large fraction of particle #1 being phagocytosed at the same time and into the same compartment as particle #2. Figure 5B shows data where particle #1 is NGs (green) and particle #2 is E. coli (red). In this data, we observe minimal colocalization between the two particles, consistent with flow cytometry data in Figure 4 showing no 2PAF effect when NGs are given before E. coli. Figure 5C shows data where particle #1 is E. coli (green) and particle #2 is NGs (red). The condition for which flow cytometry yielded 2PAF = 1.55 [EC - Serum NG; (Figure 5Cii)], yielded imaging data with a high degree of intracellular overlap between E. coli (particle #1) and NGs (particle #2). These imaging data qualitatively support a key conclusion from our quantitative flow cytometry data: opsonized NGs or E. coli not only augment uptake of previously delivered, non-opsonized bacteria, but also show localization into similar intracellular compartments. The observation that particles localize to similar intracellular compartments under conditions of 2PAF augmentation suggests the possibility that after augmented uptake the neutrophil has preserved, and possibly increased, bactericidal activity. However, that hypothesis requires further investigations beyond the scope of the current study.
[image: Figure 5]FIGURE 5 | Microscopy confirms that serum-opsonized nanogels improve internalization of non-opsonized E. coli, and that they then share significant colocalization within neutrophils. (A) Example images of neutrophils given two different labeled E. coli doses in sequence, for different serum pretreatment conditions applied to the E. coli. (B) Example images of neutrophils given lysozyme-dextran nanogels (NGs) prior to E. coli, for different serum pretreatment conditions applied to the NGs and E. coli. (C) Example images of neutrophils given E. coli prior to NGs, for different serum pretreatment conditions applied to the NGs and E. coli. Each point depicted in (D) indicates data for 1 cell, in imaging experiments as in (A). The horizontal coordinate indicates quantity of green E. coli signal and the vertical coordinate indicates quantity of red E. coli signal. Higher slope indicates that cells generally have more red E. coli, relative to quantity of green E. coli. All conditions showed strong positive correlation between red and green signal, indicating that cells taking up green E. coli, given first, were likely to take up red E. coli, given subsequently. (E) 2PAF enhancement of first particle (green) E. coli by addition of serum to second particle (red) E. coli., in imaging experiments as in (A). Bars three to four and seven to eight in (E) show the per-cell average difference in uptake of each color E. coli induced by serum treatment of second particle (red) E. coli. Green bars >0 indicate serum treatment of second particle (red) E. coli increases the average per cell uptake of first particle (green) E. coli. (F–G) Data is as presented in (D–E), but for imaging experiments as in (B), wherein NGs were given to neutrophils before E. coli. There was poor correlation between per-cell NG signal and E. coli signal, for all serum pretreatment conditions, indicating that neutrophil uptake of NGs does not predict subsequent uptake of E. coli. (G) indicates no 2PAF effect exerted by second particle E. coli on NGs. (H–I) Data is as presented in (D–E) and (F–G), but for imaging experiments as in (C), wherein E. coli was given to neutrophils before NGs. In (H), there was strong correlation between NG and E. coli uptake in any given cell, when E. coli was taken up before neutrophil exposure to NGs. In (I), bar 3 indicates that opsonized second particle NGs enhance uptake of non-opsonized first particle E. coli.
To quantify the data from these microscopy experiments, images of each particle were thresholded via Renyi entropic filtering to identify the portions of each image that were positive for either particle #1 or particle #2. Guided by DiO membrane staining, we identified regions of interest encompassing each cell in each obtained image. Overlaying the thresholded images on the regions of interest corresponding to individual cells allowed us to determine the fraction of pixels in each cell that contained either particle #1 or particle #2. In panels 5D, 5F, and 5H, each point in the presented scatter plots represents the results of this analysis for one neutrophil. The y-axis value for each point represents the percentage of pixels in the neutrophil containing particle #2 and the x-axis value represents the percentage of pixels in the neutrophil containing particle #1. A line was fitted to the data for each condition. Lines with slope = 1 indicate that each neutrophil took up equal quantities of particle #1 and particle #2. Lines with slope >1 indicate a tendency to take up more of particle #2 than particle #1. Lines with slope <1 indicate a tendency to take up more of particle #1 than particle #2. We therefore used percentage of positive pixels as a metric for levels of particle #1 and particle #2 uptake in each neutrophil. To derive 2PAF values from the imaging data, we subtracted from our uptake values for each cell the average uptake values for the 2PAF baseline conditions (conditions where particle #2 is not opsonized). We therefore determined our 2PAF value in imaging experiments as the percent increase in either particle #1 or particle #2 uptake for each imaged cell vs the expected level of uptake when particle #2 is not opsonized. These findings are depicted in panels 5E, 5G, and 5I.
Panels 5D and 5E depict quantitative analysis of imaging data where particles #1 and #2 were both E. coli. All serum treatment conditions in these experiments showed strong positive correlation between signal from particles #1 and #2, indicating that cells taking up green E. coli, given first, were very likely to take up red E. coli, delivered second. This confirms this assay behaves as expected: cells do not saturate their E. coli uptake in this dosing regimen; cells with more uptake of one E. coli have more uptake of the second; green and red fluorophores perform equally. As with flow cytometry data in Figure 2C, data in Figure 5E show a clear 2PAF effect exerted by particle #2 E. coli on particle #1 E. coli. When particle #1 E. coli is not opsonized, uptake of particle #1 increases by ∼20% if particle #2 E. coli is opsonized, compared to data where particle #2 E. coli is not opsonized.
Panels 5F and 5G depict analysis of imaging data where particle #1 is NGs and particle #2 is E. coli. R-squared values were less than 0.1 for all lines in panel 5F except that for Serum + NGs–Serum + E. coli, indicating poor linear correlation between particle #1 and particle #2 uptake for the conditions in this data. This indicates that, when a given neutrophil takes up NGs as particle #1, improved uptake of E. coli as particle #2 cannot be predicted for that same cell. Similarly, analysis of imaging-based 2PAF also indicates no 2PAF effect exerted by particle #2 E. coli on particle #1 NGs. All imaging-based 2PAF calculations showed no change in particle #1 NG uptake induced by opsonized particle #2 E. coli vs 2PAF baseline conditions with non-opsonized particle #2 E. coli. These data suggest that co-localization is compromised under these conditions, consistent with our understanding that multiple pathways can lead to phagocytosis, not all necessarily leading to accumulation in the identical intracellular compartment (Sahay, Alakhova and Kabanov, 2010).
Finally, panels 5H and 5I depict analysis of imaging data where particle #1 is E. coli and particle #2 is NGs. As with data in panel 5D, panel 5H shows strong positive correlation between particle #1 E. coli uptake and particle #2 NG uptake. For all serum treatment conditions, particle #2 NGs were more likely to be taken up in neutrophils that had already taken up particle #1 E. coli. This finding contrasts with the data in panel 5F, where, when NGs are given as particle #1, there was no positive correlation between NG uptake and E. coli uptake in any given cell. These findings match with analysis of the double-positive (E. coli-positive and NG-positive) cell counts in flow cytometry data in the blue bars in Figure 1C, Figure 4C. Panel 5I shows imaging-based 2PAF values for conditions where E. coli is particle #1 and NGs are particle #2. Again, these image analysis findings agree with our flow cytometry data: When non-opsonized E. coli is particle #1, we observe a 33% increase in E. coli uptake per neutrophil when particle #2 NGs are serum-treated vs when particle #2 NGs are not serum-treated. In imaging data, NGs as particle #2 exert a clear 2PAF effect enhancing uptake of E. coli as particle #1.
For conditions where we observed 2PAF effects (with E. coli as both particles #1 and #2 or with E. coli as particle #1 and NGs as particle #2), neutrophils were also examined with three-dimensional confocal imaging (Supplemental Figure S4, S5). For our confocal imaging analysis, we computed quantities of NGs and E. coli in each cell as in Figure 5, but quantities of NGs and E. coli reflected fluorescent voxels, rather than pixels. Additionally, we quantified voxels that contained both particle #1 and particle #2, directly assessing three-dimensional colocalization of particles #1 and #2 in the confocal images.
For experiments where both particles #1 and #2 were E. coli, ∼80% of E. coli particle #1 signal was spatially colocalized with E. coli particle #2 signal when E. coli particle #2 was opsonized (panels B–C, green bars 1 and 3 in panel C). Only ∼50% of E. coli particle #1 signal was spatially colocalized with E. coli particle #2 signal when E. coli particle #2 was not opsonized (green bar 2 in Supplemental Figure S4, panel C). This finding fits well with a central part of our hypothesis as to the 2PAF mechanism: When there is a 2PAF effect, delayed phagocytosis of particle #1 is driven by coincident uptake of particle #2. In our confocal data, we find that particle #1 E. coli is mostly found colocalized with opsonized particle #2 E. coli inside neutrophils. This colocalization is diminished under conditions where 2PAF is diminished, when particle #2 E. coli is not opsonized. Under conditions with 2PAF effects, particle #2 colocalization with particle #1 (Supplemental Figure S4, panel A, red bars in panel C) was less than particle #1 colocalization with particle #2 (Supplemental Figure S4, panel A, green bars in panel C). This can be attributed to; 1) opsonized particle #2 E. coli being phagocytosed independently of particle #1 at a higher frequency than events where particle #1 was phagocytosed independently of particle #2; 2) opsonized particle #2 E. coli being taken up in neutrophils to a greater degree than particle #1 E. coli. Panel D in Supplemental Figure S4 indeed indicates higher average uptake values for E. coli particle #2 vs E. coli particle #1, especially in 2PAF-affected conditions.
Our prototypical 2PAF conditions, where E. coli were particle #1 and NGs were particle #2, were also examined in confocal imaging data. Here particle #1 E. coli colocalized with particle #2 NGs at ∼50–60% frequency when particle #2 NGs were opsonized (Supplemental Figure S5, panels B–C, green bars 1 and 3 in panel C). In comparison, E. coli colocalized with NGs at only ∼35% frequency under non-2PAF conditions, where particle #2 NGs were not opsonized (Supplemental Figure S5, panels B–C, green bar 2 in panel C). As with data for 2PAF-affected conditions with double E. coli treatments, E. coli-NG 2PAF-affected conditions featured augmented colocalization of particle #1 (E. coli) with particle #2 (NGs), implying phagocytosis of particle #1 E. coli and particle #2 NGs in the same subcellular locations in neutrophils. Particle #2 NG colocalization with particle #1 E. coli (Supplemental Figure S5, panel A, red bars in panel C) was greater than particle #1 E. coli localization with NGs (Supplemental Figure S5, panel B, green bars in panel C). This may reflect generally higher uptake of E. coli vs NGs (Supplemental Figure S5, panel D), where E. coli likely has a higher chance of being taken up in neutrophils independently of NGs, compared to lower quantities of NG uptake meaning NGs have a lower chance of being taken up independently of E. coli. Colocalization of particle #2 NGs with particle #1 E. coli bodes well for proposed NG drug delivery to neutrophils designed to help augment neutrophil killing of bacteria: When NGs are given after neutrophils have been exposed to bacteria, the NGs end up in the same places as bacteria inside neutrophils. Our proposed mechanism of the 2PAF effect and co-localization of particles can be seen in Supplemental Figure S6.
This study has several limitations. First, the data presented here are all derived from in vitro studies. Neutrophil isolation may modify neutrophil function, thus imposing constraints on interpretation. Of note, however, our previous study suggested a good correlation between in vitro and in vivo observations of NAP uptake in neutrophils (Myerson et al., 2022). Similarly, the in vivo environment may contain neutrophil stimuli not seen in vitro. Opsonization with normal mouse serum also may not include all of the opsonins that might be present during an inflammatory process, although we have not detected any significantly different effect using acute phase sera (data not shown). While it is promising that phagocytosis is preserved with particle exposure, and under certain conditions increased, there are several other neutrophil functions that will need to be investigated. We plan to conduct future studies aimed at evaluation of other key neutrophil functions, including: NETosis, cytokine and reactive oxygen species generation, and bacteria killing. Additionally, neutrophils represent one of several immune lineages that should be investigated for the 2PAF effect, such as macrophages. Finally, neutrophils are significantly heterogeneous both within and between donors. Accordingly, use of multiple donors reduces this effect, and flow cytometry permits observation of potential heterogeneity, thus mitigating this concern.
3 MATERIALS AND METHODS
3.1 Lysozyme-Dextran Nanogel Synthesis
Lysozyme-dextran nanogels (LDNGs) were synthesized as previously described (Li et al., 2008; Coll Ferrer et al., 2014; Myerson et al., 2018, 2022). Rhodamine-dextran or FITC-dextran (Sigma) and lysozyme from hen egg white (Sigma) were dissolved in deionized and filtered water at a 1:1 or 2:1 mol:mol ratio. Then pH was adjusted to 7.1 and solution was lyophilized. For Maillard reaction, the lyophilized product was heated for 18 h at 60°C, with 80% humidity maintained via saturated KBr solution in the heating vessel. Dextran-lysozyme conjugates were dissolved in deionized and filtered water to a concentration of 5 mg/ml. Solutions were stirred at 80°C for 30 min. Diameter of LDNGs was evaluated with dynamic light scattering (DLS, Malvern) after heat gelation. Particle suspensions were stored at 4°C.
3.2 Murine Serum
Blood was obtained through the inferior vena cava as previously described (Mei et al., 2010; Parasuraman et al., 2010) from B6 wild type mice and pooled. Blood was allowed to clot for 30 min at room temperature, and serum was separated by centrifugation of 1,500 rpm × 10 min at 4°C. Complement proteins were depleted from serum via Cobra Venom Factor as previously described (Haihua et al., 2018).
3.3 Murine Neutrophils
Femurs were harvested from B6 wild type mice, and bone marrow was collected and pooled. Neutrophils were isolated from bone marrow via negative selection (Stemcell EasySep™ Mouse Neutrophil Enrichment Kit cat #19762). Neutrophils were suspended in DMEM media at a concentration of 2 × 106 neutrophils/mL. Isolated neutrophils were 95% viable by trypan blue, and 80% pure using Ly6g staining and flow cytometry (See Supplemental Figure S1).
3.4 Nanogel Preparation
FITC-labelled lysozyme-dextran NGs were synthesized as above. Stock NGs were brought to a concentration of 5 × 1011 particles/mL. To serum-treat prior to neutrophil incubation, NGs were incubated in 50% serum in DMEM for 1 h at 37°C.
3.5 E. Coli BioParticles
For bacterial particles, both pHrodo™ red and green E. coli BioParticles™ conjugates (Invitrogen, Thermo Fisher cat #P35361 and #P35366) were used. BioParticles were brought to a concentration of 2 mg/ml in PBS. To serum-treat E. coli BioParticles prior to neutrophil incubation, BioParticles were incubated in equal volume serum for 1 h at 37°C.
3.6 Prototypical Experiment
3.6.1 Sequential Particle Analysis
Neutrophils were isolated and prepared as above. 500uL of neutrophils were incubated with 20uL of either particle while rotating at 37°C. First particle incubation time was 15 min for NGs and 1 h for E. coli BioParticles, with exception of the conditions with two color E. coli BioParticles. In those conditions the first E. coli BioParticles incubation was done at 15 min to recapitulate the initial NG incubation. Samples were then washed and pelleted 300 g × 6 min to remove unbound particles. The neutrophils were then resuspended in 500uL DMEM media. The second particle was then incubated with the neutrophils while rotation at 37°C. Second particle incubation time was 15 min for NGs and 1 h for E. coli BioParticles, with exception of the conditions with two color NGs. In those conditions the second NG incubation was incubated for 60 min to recapitulate the second exposure E. coli incubation. Samples were then washed and pelleted again, then resuspended in FACS buffer. For flow cytometry samples, they were stained with anti-Ly6G antibody prior to analysis. For microscopy samples, they were suspended in solution with 2% paraformaldehyde for 30 min at room temperature, then pelleted and resuspended at a concentration of 1 × 106/ml.
3.6.2 Sample Preparation and Confocal Microscopy
90 µl of paraformaldehyde fixed cells was incubated with 5 × 10−7 M DAPI and 1:100 Vybrant™ DiD Cell-Labeling Solution (Invitrogen) at 37°C for 20 min. Samples were centrifuged at 2000 g × 1 min. They were washed with 1 ml PBS and sprun at 2000RPM x 3 min twice. Finally, they were resuspended in 80 µl PBS then dropped on cavity slides (Eisco), covered with coverslips (FisherScientific), and analyzed with Leica TCS SP8 Laser confocal microscope. Visualization of neutrophils was performed with water immersion objective HC PL APO CS2 40x/1.10. Images were obtained in sequential scanning mode using Diode 405, OPSL 488, OPSL 552 and Diode 638 lasers. We used scan speed 200 Hz and pixel size 0.223 µm for flat images. Z-stacks were obtained with scan speed 600 Hz, XY pixel size 0.223 µm and voxel size 0.424 µm. Images and Z-stacks were processed with LASX (Leica microsystems). Images and Z-stacks were converted to TIFF images for analysis in ImageJ (FIJI distribution 2.1.0/1.53q). Processing and analysis, including image thresholding, fluorescence colocalization, and per-cell analysis of fluorescence signals, employed custom ImageJ macros, code for which is provided in full in the supplement. For per-cell analyses, regions of interest were drawn manually around each imaged cell, using images of DiD membrane stain to define the edges of individual cells.
3.6.3 Animal Study Protocols
All animal studies were carried out in strict accordance with Guide for the Care and Use of Laboratory Animals as adopted by National Institutes of Health and approved by Children’s Hospital of Philadelphia Institutional Animal Care and Use Committee. All animal experiments used male B6 mice, 6–8 weeks old, purchased from Jackson Laboratories. Mice were maintained at 20–25°C, 50 ± 20% humidity, and on a 12/12 h dark/light cycle with food and water ad libitum.
3.6.4 Statistical Analysis
Error bars indicate the standard error of the mean throughout. Significance tests are described in captions. Statistical power was determined for statements of statistical significance and tabulated in the supplementary materials.
4 CONCLUSION
The data presented here are consistent with a model of neutrophil phagocytosis in which a non-opsonized bacteria, that is poorly phagocytosed, is nonetheless still available in a compartment (likely the surface plasma membrane) from which it can be subsequently taken up in response to a more phagocytic-stimulatory particle, whether it be an opsonized bacteria or an opsonized nanogel. Similarly, initial exposure to a bacterial-like particle further enhances subsequent uptake of nanogels, even non-opsonized ones. Thus, the nanogel might be used in its opsonized form, even without incorporated drugs, to enhance uptake of poorly-opsonized bacteria. Furthermore, under these circumstances, the bacteria and nanoparticles are found in similar intracellular compartments, suggesting that delivery to specific compartments of the phagocytosing neutrophil might be possible.
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Qing-Jin-Hua-Tan-Decoction (QJHTD), a classic famous Chinese ancient prescription, has been used for treatment of pulmonary diseases since Ming Dynasty. A total of 22 prototype compounds of QJHTD absorbed into rat blood were chosen as candidates for the pharmacological network analysis and molecular docking. The targets from the intersection of compound target and ALI disease targets were used for GO and KEGG enrichment analyses. Molecular docking was adopted to further verify the interactions between 22 components and the top 20 targets with higher degree values in the component–target–pathway network. In vitro experiments were performed to verify the results of network pharmacology using SPR experiments, Western blot experiments, and the PMA-induced neutrophils to produce neutrophil extracellular trap (NET) model. The compound–target–pathway network includes 176 targets and 20 signaling pathways in which the degree of MAPK14, CDK2, EGFR, F2, SRC, and AKT1 is higher than that of other targets and which may be potential disease targets. The biological processes in QJHTD for ALI mainly included protein phosphorylation, response to wounding, response to bacterium, regulation of inflammatory response, and so on. KEGG enrichment analyses revealed multiple signaling pathways, including lipid and atherosclerosis, HIF-1 signaling pathway, renin–angiotensin system, and neutrophil extracellular trap formation. The molecular docking results showed that baicalin, oroxylin A-7-glucuronide, hispidulin-7-O-β-D-glucuronide, wogonoside, baicalein, wogonin, tianshic acid, and mangiferin can be combined with most of the targets, which might be the core components of QJHTD in treatment of ALI. Direct binding ability of baicalein, wogonin, and baicalin to thrombin protein was all micromolar, and their KD values were 11.92 μM, 1.303 μM, and 1.146 μM, respectively, revealed by SPR experiments, and QJHTD could inhibit Src phosphorylation in LPS-activated neutrophils by Western blot experiments. The experimental results of PMA-induced neutrophils to produce NETs indicated that QJHTD could inhibit the production of NETs. This study revealed the active compounds, effective targets, and potential pharmacological mechanisms of QJHTD acting on ALI.
Keywords: Qing-Jin-Hua-Tan-Decoction, acute lung injury, neutrophil extracellular traps, thrombin, network pharmacology
INTRODUCTION
Acute lung injury (ALI) and its most severe form, acute respiratory distress syndrome (ARDS), are still the main causes of acute respiratory failure in critically ill patients, with high morbidity and mortality in the past 20 years (Wood et al., 2020). The pathophysiological processes of ALI are believed to involve epithelial and endothelial dysfunction, excessive accumulation, and activation of immune cells, inflammation, oxidative stress, apoptosis, and activation of clotting pathways (Matthay and Zemans, 2011; Matthay et al., 2012; Nadon and Schmidt, 2014). There is currently no specific and effective treatment for ALI. However, there is growing interest in alternative and natural treatments for ALI (Patel et al., 2018).
Qing-Jin-Hua-Tan-Decoction (QJHTD), a classic ancient prescription, listed in the Catalog of Ancient Classical Formulas (first batch released by State Administration of TCM in 2018), which is constituted by 11 Chinese herbal medicines, namely, Scutellariae Radix, Gardeniae Fructus, Fritillariae Thunbergii Bulbus, Mori Cortex, Trichosanthis Semen Tostum, Citri Exocarpium Rubrum, Platycodonis Radix, Ophiopogonis Radix, Anemarrhenae Rhizoma, Poria, and Glycyrrhizae Radix et Rhizoma. It was first recorded in the ancient book of Yixue Tongzhi written by YE Wen-ling in Ming dynasty for treating pulmonary disease with phlegm-heat obstructing lung syndrome, with the significant functions of clearing heat and moistening the lung, reducing phlegm, and relieving cough (Zhang et al., 2021). Previous studies have shown that the pharmacological effects of QJHTD are mainly focused on relieving cough and removing phlegm (Chen et al., 2016), anti-inflammation (Wu et al., 2019), and regulating immune function (Li and Jiang, 2018) in the treatment of pulmonary diseases. It has been reported that QJHTD inhibits LPS-induced ALI (Zhang, 2021). Nevertheless, its exact mechanism of QJHTD on ALI is still unknown.
Network pharmacology is an emerging discipline developed on the network computer platform integrating systematic biology, multi-pharmacology, and computational biology. It helps reveal the mechanism of action of traditional Chinese medicine (TCM) with multicomponent, multitarget, and multisignaling pathways (Hopkins, 2008; Li and Zhang, 2013). Molecular docking is a computational technology that functions through the interaction and affinity between the receptor and drug micromolecules (Chen et al., 2014; Saikia and Bordoloi, 2019), and this method can quickly and effectively screen out the active ingredients. Surface plasmon resonance (SPR) technology has become one of the important means for analysis of small molecules and target proteins, with remarkable features of providing high-precision results and real-time, label-free measurements (Patching, 2014; Nguyen et al., 2015; Olaru et al., 2015; Prabowo et al., 2018).
In this research, we adopted the method of network pharmacology combined with molecular docking to screen the possible targets, active components, and signaling pathways of QJHTD against ALI and verified them by SPR technology and cell experiments to further clarify the pharmacological mechanism of QJHTD against ALI. The flow chart of the research is shown in Figure 1. This work provides experimental basis and new mechanisms for the therapy of ALI with QJHTD.
[image: Figure 1]FIGURE 1 | Flow chart of research.
MATERIALS AND METHODS
Identification of Active Components of QJHTD and Their Target Retrieval
A total of 22 prototype components were identified in the rat plasma and are referred to in the previous published literature by the research group (Liu et al., 2022). Chemical characterization analysis and quantitative analysis of QJHTD are shown in Supplementary Material. The chemical structure of 22 active components is shown in Figure 2, and their chemical information is shown in Supplementary Table S1. The SDF format file of the QJHTD components was downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/) (Kim, 2016) and uploaded to PharmMapper databases (Liu X. et al., 2010; Wang et al., 2016; Wang et al., 2017) and SwissTargetPrediction. The targets with norm fit ≥0.6 in the output of PharmMapper and convert protein names to official gene symbols (Homo sapiens) using UniProt Knowledgebase (http://www.uniprot.org/) (UniProt Consortium, 2018). The potential drug targets predicted by the two databases were selected for further verification.
[image: Figure 2]FIGURE 2 | Twenty-two active components of QJHTD and their chemical structures.
Screening Targets of ALI Disease
The information of the therapeutic target was searched by using “acute lung injury” as the keyword. The databases used in this study are GeneCards (https://www.genecards.org/), DisGeNet https://www.disgenet.org/home/), and TTD (http://db.idrblab.net/ttd/). Then, the components and disease overlap proteins are used as candidate targets for the treatment of ALI.
GO and KEGG Enrichment Analysis
Metascape combines functional enrichment, interactome analysis, gene annotation, and membership search to leverage over 40 independent knowledge bases within one integrated portal (Zhou et al., 2019). The core target proteins of QJHTD for ALI were inputted into Metascape, after which we set p < 0.01 to analyze GO and KEGG pathway enrichment. The first 20 KEGG and GO clusters pathway information were screened and included, and the results were saved and visualized by R software.
Construction of the Compound–Target–Pathway Network
The top 20 clusters obtained from the previous KEGG pathway enrichment analysis correspond to 22 active compounds and the core targets of QJHTD in the treatment ALI and construct the network of “compounds–targets–pathways” using CytoScape 3.8.0 to analyze the network topology parameters of the targets, including degree, betweenness, and closeness.
Molecular Docking
The virtual docking of key proteins and active components was performed using Discovery Studio 2020 software (College of Pharmacy, Henan University of Chinese Medicine) to study their interaction. For the top 20 targets with a higher degree value in the compound–target–pathway network, the corresponding 3D structure was downloaded in the RSCB PDB database (https://www.rcsb.org/) (Richardson et al., 2021), and 22 component structures were obtained from the PubChem database, and the components were prepared using the “Prepare Ligands” module to obtain the 3D structure. For protein preparation, crystallographic water molecules were removed and then used in the “Prepare Protein” module. Subsequently, CDOCKER was performed for molecular docking (Wu et al., 2003). To enable this mechanism, all default parameters were taken into account, allowing 10 poses to be generated for each ligand. Docking estimation was performed by the CDOCKER energy, which was used to assess the affinity of the proteins and ingredients. 80% of -CDOCKER ENERGY of the target protein and its corresponding prototype ligand was viewed as the threshold, and the components with higher scores were regarded as the active ingredients that interacted with the protein.
EXPERIMENTAL VALIDATION
Materials
QJHTD was prepared by Tianjin Pharmaceutical Research Institute Co., Ltd. (Tianjin, China). The preparation process of QJHTD is shown in Supplementary Figure S1. Thrombin (Cat No: HY-114164), dihydrorhodamine 123 (DHR123) (Cat No: HY-101894/CS-7988), and diphenyleneiodonium chloride (DPI) (Cat No: HY-100965) were purchased from MedChemExpress LLC (Monmouth Junction, NJ, United States). Baicalin (CAS No. 21967-41-9), baicalein (CAS No. 491-67-8), and wogonin (CAS No. 632-85-9) were obtained from Shanghai Yuanye Biological Co., Ltd (Shanghai, China), and the purity of all compounds was higher than 98%. The Amino Coupling Kit (Cat No: BR-1000-50), HBS-EP buffer solution (Cat No: BR-1001-88), CM5 Sensor Chip (Cat No: BR-1003-99), and Percoll (Cat No: 17-0891-01) were purchased from GE Healthcare (Braunschweig, Germany). Hoechest 33342 (Cat No: H1399) and SYTOX™ Green Nucleic Acid Stain (Cat No: S7020) were purchased from Invitrogen (Carlsbad, CA, United States). PMA (Cat No: P1585) and LPS (from Escherichia coli O111: B4) were obtained from Sigma (St. Louis, MO, United States). Fetal bovine serum (FBS) (Cat No: BR-1003-99) was obtained from Gemini (Woodland, CA, United States). RPMI 1640 medium (Cat No: 10,491), Wright-Giemsa Stain solution (Cat No: G1020), Red Blood Cell Lysis Buffer (Cat No: R1010), Dilution Buffer (Cat No: R1017), Normal Goat Serum (Cat No: SL038), and BCA protein assay kit (Cat No: PC0020) were obtained from Solarbio Life Science (Beijing, China). The ROS detection kit (Cat No: S0033S) and Poly-L-lysine (Cat No: C0313) were obtained from Beyotime (Shanghai, China). Rabbit monoclonal to Src (ab133283), rabbit monoclonal to Src (phospho Y419) (ab185617), rabbit monoclonal to Myeloperoxidase (ab208670), and Alexa Fluor® 488 Goat polyclonal Secondary Antibody to rabbit IgG - H&L (ab150077) were obtained from Abcam (Cambridge, MA, United States). HRP-conjugated goat anti-rabbit IgG antibody (Cat No:bs-40295G-HRP) was obtained from Bioss (Beijing, China). PE anti-rat CD11b/c Antibody (Cat No: B339537) was obtained from BioLegend (San Diego, CA, United States).
Surface Plasmon Resonance (SPR)
CM5 Sensor Chip was esterified with the crosslinking agents EDC and NHS. The thrombin protein at a concentration of 5 μg/ml in sodium acetate at pH 4.5 was coupled to the surface of the chip, and then the remaining reactive carboxyl on the matrix were blocked using 1 M ethanolamine, at pH 8.5. The compound of baicalin, baicalein, and wogonin were dissolved in DMSO to 10 mM, was diluted with HBS-EP buffer solution to 500 μM, and then diluted successively to 50 μM, 25 μM, 12.5 μM, 6.25 μM, 3.125 μM, 1.5625 μM, 0.7813 μM (baicalin), 12.5 μM, 6.25 μM, 3.125 μM, 1.5625 μM, and 0.7813 μM (baicalein) and 12.5 μM, 6.25 μM, 3.125 μM, 0.7813 μM, and 0.3906 μM (wogonin) using 5% DMSO HBS-EP buffer. The SPR experiment was performed using the Biacore T200 SPR instrument. The injection sample time and velocity were 120s and 20 μl/min, respectively. The protein dissociation time was 300 s.
Rat Peripheral Blood Neutrophil Isolation
Male Sprague–Dawley rats (220–240 g) were obtained from the Weitonglihua Experimental Animal Technology Co. (Beijing, China) [SCXK 2016–0,006], and housed at 25–28 °C and humidity of 45–55%, with free access to food and drink for 7 days before use.
Rat neutrophils were isolated from the whole blood of healthy rats by gradient centrifugation using Percoll. Briefly, blood was collected from the abdominal aorta of rats and anticoagulated with 109 mM sodium citrate (1:9 blood v/v), and the whole blood was diluted with an equal volume of dilution buffer. Diluted blood was smeared on the interface of the two layers of 82% Percoll and 69% Percoll, and centrifugation was carried out at 710 g for 30 min. Neutrophils were collected in the cell layer between the two layers and washed with PBS. Then, red blood cell lysis buffer was added, gently blown for 3–5 min, and incubated at 4°C for 15 min. Centrifugation was carried out at 290 g for 10 min. The supernatant was discarded, and the pellet was washed with PBS and centrifuged again at 250 g for 10 min. The pellet obtained at this point contains the neutrophils. The purity of neutrophil was determined by the flow cytometry and Wright-Giemsa Stain.
SYTOX Green Plate Reader Assay for NETosis Analysis
Sytox Green dye was used to observe and measure the release of NETs under different conditions (Shi et al., 2019). To quantify the amount of PMA-induced formation of NETs in vitro, neutrophils isolated from rat blood (8 × 104 cells/well in 200 µl of medium with 1 μM SytoxGreen) were seeded into 96-well plates. These neutrophils were activated with the media (control), QJHTD at different concentrations (0.125, 0.25, and 0.50 g/L), 50 nM PMA, and 50 nM PMA with QJHTD at different concentrations (0.125, 0.25, and 0.50 g/L), respectively. The plate was placed in a 37°C, 5% CO2 incubator for 4 h. Fluorescence was monitored 0 and 4 h using a SpectraMax i3x plate reader (Molecular Devices, San Jose, CA) with excitation at 488 nm and emission at 525 nm. Fluorescence intensity (extracellular DNA) was calculated as (Fluorescence intensity at 4 h) - (Fluorescence intensity at 0 h). The cell status of each group was observed by Axio Observer Z1 (Carl Zeiss AG, Oberkochen, Germany) after the detection with fluorescence microplate.
NET Induction and Immunofluorescence Staining
Rat peripheral blood neutrophils (1.6 × 105 cells) were seeded on poly-L-lysine-coated coverslips in 48-well plates and cultured for 4 h in RPMI medium containing media (control), 50 nM PMA, or 50 nM PMA with QJHTD at different concentrations (0.125, 0.25, and 0.5 g/L). Subsequently, the cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.2% Triton-X-100 for 20 min. After blocking with 5% normal goat serum for 1 h, it was incubated with rabbit anti-MPO overnight (1:100 dilutions) at 4°C, followed by Alexa Fluor® 488 -conjugated goat antirabbit IgG antibody (1:200 dilutions) for 3 h in the dark. The DNA was counterstained with Hoechst 33342 for 10 min. The images were acquired using Axio Observer Z1 (Carl Zeiss AG, Oberkochen, Germany) and a C11440-42U30 digital camera (Hamamatsu Photonics, Shizuoka, Japan) and processed with BioFlux Montage software (Fluxion Biosciences, Alameda, CA, United States).
Quantification of ROS Production
The neutrophils were preloaded with DCFH-DA and were diluted at 1:1,000 with PBS. After the extracellular DCFH-DA dye was washed, the cells were resuspended in fresh RPMI medium (8× 104 cells) and were seeded in a 96-well plate. The fluorescence intensity was detected by a SpectraMax i3x plate reader (Molecular Devices, San Jose, CA) at 0, 1, 2, 3, and 4 h, and the excitation wavelength was 488 nm, and the emission wavelength was 525 nm.
Neutrophils were preloaded with 10 μM dihydrorhodamine 123 (DHR123) at 37°C for 20 min. After washing the extracellular DHR123, the cells were resuspended in fresh RPMI medium containing media (control), 50 nM PMA, or 50 nM PMA with QJHTD at different concentrations (0.125, 0.25, and 0.50 g/L) and 50 nM PMA with 20 μM diphenyleneiodonium (DPI) for 1 h. After PBS washing, ROS production was determined using a BD FACSAria II flow cytometer (BD Bioscience, New Jersey, United States).
Western Blot
According to the network pharmacology and molecular docking results, we selected SRC activity for Western blot verification. The neutrophils were activated using LPS (1 μg/ml), following incubation with or without QJHTD (0.125, 0.25, and 0.5 g/L) at 37°C for 1 h. After 1 h, the cells were added with ice-cold lysis buffer containing protein phosphatase inhibitor mixture, lysed on ice for 30 min, and centrifuged (12,000 rpm, 4°C, 20 min) to obtain the supernatant. Protein concentrations were determined by the BCA protein assay kit. After denaturation by boiling, the proteins were separated by SDS-PAGE and transferred to PVDF membranes. Then, the membranes were blocked with 5% BSA at room temperature for 1.5 h and then incubated with anti-Src (1:1,000 dilution) and anti-Src (phospho Y419) (1:5,000) overnight at 4°C. Subsequently, the membranes were incubated with HRP-linked secondary antibody (1:2,000) at room temperature for 1 h. The results of Western blot were visualized by using an ECL detection system (Syngene, Cambridge, United Kingdom) and analyzed by ImageJ software.
Statistical Analysis
All data were expressed as the mean ± SD of three independent experiments. The comparison between multiple groups was performed by one-way ANOVA followed by the LSD test when the variances were homogeneous or Dunnetts T3 test when the variances were non-homogeneous. All data were analyzed statistically using the SPSS version 23.0 (IBM, Armonk, NY, United States). p < 0.05 was considered statistically significant.
RESULTS
The Potential Targets of QJHTD for ALI
A total of 413 potential QJHTD-related targets were predicted by PharmMapper and SwissTargetPrediction (Supplementary Table S2), and 1,917 disease targets were finally summarized and obtained by removing the duplicate targets by searching the disease databases including GeneCards, DisGeNet, and TTD (Supplementary Table S3). The intersection of the QJHTD-related targets and ALI-related targets has 176 targets (Figure 3A, Supplementary Table S4), which include AKT1, MAPK1, F2, PPARG, and so on. The 176 targets were considered the potential therapeutic targets of QJHTD for ALI.
[image: Figure 3]FIGURE 3 | Venn diagram of overlapping targets of QJHTD and ALI; (A) top 20 cluster pathways for KEGG enrichment analysis; (B) and the 11th clustering pathway expansion diagram (C).
GO and KEGG Pathway Enrichment Analysis of QJHTD for ALI
Metascape was used to analyze the signal pathways of QJHTD-related targets in improving ALI. The results of GO enrichment analysis are shown in Supplementary Figure S4. The biological processes in QJHTD for ALI mainly involved included protein phosphorylation, response to wounding, response to bacterium, regulation of inflammatory response, and so on. Cellular components were related to vesicle lumen, extracellular matrix, platelet alpha granule, and extrinsic component of the plasma membrane. Molecular functions analysis revealed protein serine/threonine/tyrosine kinase activity, endopeptidase activity, nitric-oxide synthase regulator activity, and phosphatase binding. The GO enrichment analysis may be related to the pathogenesis of ALI.
For each given gene list, pathway and process enrichment analysis has been carried out with the following ontology sources: KEGG pathway. All genes in the genome have been used as the enrichment background. Terms with a p-value < 0.01, a minimum count of 3, and an enrichment factor >1.5 are collected and grouped into clusters based on their membership similarities. The most statistically significant term within a cluster is chosen to represent the cluster. The first 20 clusters were selected according to their p-values to generate the bubble chart for visualization (Figure 3B). It is involved with lipid and atherosclerosis, HIF-1 signaling pathway, transcriptional misregulation in cancer, renin–angiotensin system, VEGF signaling pathway, and so on. From cluster 11, the VEGF signaling pathway expanded, and we can see that it contains VEGF signaling pathway, phospholipase D signaling pathway, platelet activation, neutrophil extracellular trap formation, and so on (Figure 3C). Neutrophils are the host’s first line of defense against microbial infection and play an important role in innate immune response (Nauseef and Borregaard, 2014; Leiding, 2017). Neutrophils survive for a short time in the blood, and they can resist pathogenic microorganisms by phagocytosis, degranulation, and formation of NETs (Kolaczkowska and Kubes, 2013). In recent years, it has been found that in ALI, neutrophil adhesion aggregation and continuous activation lead to an inflammatory cascade, during which a large number of NETs are produced (Saffarzadeh et al., 2012; Luo et al., 2014). Therefore, based on the results of network pharmacology and literature review, we adopted the PMA-induced neutrophil production NET model to verify whether QJHTD treats ALI by inhibiting NETs.
Compound–Target–Pathway Network
CytoScape 3.8.0 software was used to construct a component–target–pathway network of QJHTD in treating ALI and was used to calculate and sort the topological parameters (degree) of the nodes in the abovementioned network (Figure 4). The network has 218 nodes, including 22 components, 176 targets, 20 pathways, and 2,044 edges. The larger the node, the greater the degree, and the more nodes connected to it. It was surprised that the degree of MAPK14, CDK2, EGFR, F2, SRC, and AKT1 were higher in the compound–target–pathway network. It was concluded that the 22 active ingredients acted on 176 targets by relevant pathways in lipid and atherosclerosis, renin–angiotensin system, HIF-1 signaling pathway, and so on. Multiple pathways are linked to each other by common targets, indicating the synergistic action of QJHTD in treating ALI.
[image: Figure 4]FIGURE 4 | Compound–target–pathway network of QJHTD in the treatment for ALI. The yellow circles, green V shape, and blue square represent the pathway, active components, and targets, respectively.
Molecular Docking Results
The 22 active components of QJHTD were used as candidate docking components. By analyzing the degree value of the targets in the component–target–pathway network, the first 20 targets (Supplementary Table S5) with higher degree values were selected for molecular docking experiments. The initial compounds of the protein were extracted from the active pockets and redocked and RMSD≤2 evaluated that the docking algorithm could reproduce the receptor-ligand binding mode (Huang et al., 2010).
The original ligands of the selected crystal structures of 20 targets were used to define the active pockets. The original ligands were taken out, and the CDOCKER method was used. Re-dock to the set active pocket, calculate its RMSD and scoring value and its active pocket information, and calculation results are shown in Table 1. It can be seen from the table that the RMSD of the 20 targets are all less than 2 Å, indicating that the selected docking method and parameter settings are reasonable and can be used for further molecular docking research. Molecular docking results in the top 20 target proteins with 22 chemicals and are shown in Supplementary Table S6 and Table 1. The higher -CDOCKER ENERGY is, the more likely the chemical and target are to interact with each other. The results showed that most chemical components had good interaction and binding activities with the targets. Components such as baicalin, oroxylin A-7-glucuronide, hispidulin-7-O-β-D-glucuronide, wogonoside, baicalein, wogonin, tianshic acid, and mangiferin are bound to most of the target proteins, which may be the core components of QJHTD for ALI.
TABLE 1 | Related information of molecular docking models and molecular docking results of the top 20 targets with 22 active components of QJHTD.
[image: Table 1]Studies have shown that the inflammation of ALI depends on tissue factors and thrombin (Lou et al., 2019). Plasma and lavage fluid thrombin elevated evidently in the animal models of ALI, and thrombin has been found as a key molecule linking coagulation and inflammation (Lou et al., 2019; Arroyo et al., 2021; Kaspi et al., 2021). The results of molecular docking experiments showed that the docking scores of baicalein, wogonin, tianshic acid, and baicalin to F2 (thrombin) reached the effective binding scores. Two- and three-dimensional ligand–protein interactions of baicalein, tianshic acid, wogonin, and baicalin with F2 (PDB ID: 3QWC) are shown in Figure 5A. Both baicalin and wogonin inhibited thrombin-catalyzed fibrin polymerization and platelet functions and inhibited the activities of thrombin (Ku and Bae, 2014; Lee, et al., 2015b). Affinity capillary electrophoresis (ACE) is one of the predominant methods for interaction studies, and baicalein had the greatest affinity with thrombin in comparison with the Kb values of other flavonoid compounds (Li et al., 2018), and it has indicated more OH groups in the A-ring and more thrombin inhibitory activity (Liu L. et al., 2010). Taking into account all these, we thus selected baicalin, wogonin, and baicalein for the experiment of SPR.
[image: Figure 5]FIGURE 5 | Two- and three-dimensional ligand–protein interactions of baicalein, tianshic acid, wogonin, and baicalin with F2 (A) and SRC(B).
The results of molecular docking experiments showed that the docking scores of 13 compounds including baicalein and wogonin to SRC reached the effective binding scores (Supplementary Table S6). Two- and three-dimensional ligand–protein interactions of baicalein, tianshic acid, wogonin, and baicalin with SRC (PDB ID: 2H8H) are shown in Figure 5B. The Src kinase family plays an important role in LPS-induced ALI, and studies have shown that bletinib and resveratrol ameliorates neutrophil inflammation and lung injury via inhibition of Src family kinases (Tsai et al., 2019; Kao et al., 2021).
SPR Experiment Results
In the SPR experiment, baicalein, wogonin, and baicalin were screened out as in vitro validation molecular models, and small-molecule and macromolecular interaction experiments with thrombin protein were performed. The binding affinity (KD) describes the strength of the binding between the ligand and the analyzing molecule. KD can be obtained by either “steady-state” or “kinetic” methods. The steady-state method was used in the “fast-up and fast-down” binding mode to obtain affinity, such as baicalein (Figure 6A) and wogonin (Figure 6B). Kinetic analysis KD was obtained from the association rate constant (Ka) and dissociation rate constant (Kd), which was the combined result of the two processes of association and dissociation, such as baicalin (Figure 6C). The results showed that the direct binding ability of baicalein, wogonin, and baicalin to thrombin protein was all micromolar, and their KD values were 11.92 μM , 1.303 μM , and 1.146 μM, respectively (Figure 6). Therefore, it was speculated that baicalein, wogonin, and baicalin bind to the thrombin protein and inhibit its activities and might exert thrombosis prevention in ALI to some extent.
[image: Figure 6]FIGURE 6 | SPR assay of the interaction of baicalein, wogonin, baicalin, and thrombin protein. (A) SPR assay of baicalein binding to thrombin (left) and the representative binding curve (right). (B) SPR assay of wogonin binding to thrombin (left) and the representative binding curve (right). (C) SPR titration curve of baicalin with thrombin protein.
Rat Peripheral Blood Neutrophil Purity
The purity of neutrophils is >80% with PE Mouse anti-rat CD11b/c antibody was used to label neutrophils (Supplementary Figure S5A). By Wright-Giemsa staining, it was further confirmed that the purity of neutrophils was >80%. At the same time, it could be observed that the neutrophils had complete morphology, the cytoplasm was light red, and the nucleus was purple and lobulated, divided into two–five leaves (Supplementary Figure S5B).
QJHTD Significantly Inhibited PMA-Induced NETs Formation
Phorbol 12-myristate 13-acetate (PMA) is most widely used as an inducer of NETosis. Sytox Green dye is a high-affinity nucleic acid stain that readily cross-damaged cell membranes but does not penetrate the membranes of living cells. At the same time, it could be used to observe and measure the release of NETs (Shi et al., 2019). QJHTD (0.125, 0.25 g/L) showed no significant difference compared with that of the control group (p > 0.05), and the immunofluorescence intensity of the QJHTD (0.50 g/L) group was significantly lower than that of the control group (p < 0.05), suggesting that the QJHTD group has no cytotoxic effect on neutrophils, and the QJHTD (0.50 g/L) group may play a protective role (Figure 7A). Meanwhile, as shown in Figure 7B, QJHTD (0.125, 0.25, and 0.50 g/L) did not change the morphology of neutrophils.
[image: Figure 7]FIGURE 7 | QJHTD inhibited NET formation. (A) Effect of different concentrations of QJHTD (0.125, 0.25, and 0.5 g/L) on neutrophils. (B) Images of A, scale bar = 20 μm. (C) Levels of extracellular DNA released by neutrophils, which were cultured with media, PMA (50 nM), or PMA (50 nM) plus 0.125,0.25, and 0.5 g/L QJHTD. (D) Images of C, scale bar = 20 μm. (E) Representative images of immunofluorescent staining showed PMA-induced NET formation. Hoechst 33342 (blue), MPO (green), scale bar = 20 μm. (F) Quantification data of (E). Data presented as the mean ± SD of three independent experiments (*p < 0.05 and **p < 0.01 compared with control group, #p < 0.05 and ##p < 0.01 compared with PMA group).
The immunofluorescence intensity values of the PMA + QJHTD group with different concentrations (0.25 and 0.50 g/L) were significantly decreased compared with those of the PMA group (p < 0.01), indicating that QJHTD could inhibit PMA-induced neutrophil releasing NETs (Figure 7C). From Figure 7D, the result was consistent with the fluorescence intensity of each well detected by the fluorescence microplate. It was found that 4 h after PMA stimulation of neutrophils, compared with the control group, the morphology of neutrophils in the PMA group had changed, the cells were flattened, and neutrophils released a large number of green fluorescent filament-like and reticular NETs. Compared with the PMA group, the PMA + QJHTD group with different concentrations (0.25 and 0.50 g/L) did not change the flattened morphology of neutrophils, but the green fluorescent filamentous structures and NETs were significantly reduced, suggesting that QJHTD inhibits the release of NETs from the PMA-stimulated neutrophils.
We measured the release of NETs by detecting the release of MPO-DNA complexes. Immunofluorescent staining of MPO (neutrophil marker) and Hoechst-33342 (nucleic staining) further confirmed the inhibitory effect of QJHTD (Figure 7E). Compared with the control group, neutrophils lost their original structure after PMA stimulation, and their nuclear morphology also showed depolymerization and expansion. There was no significant difference between the PMA + QJHTD group (0.125 g/L) and the PMA group, but the PMA + QJHTD group (0.25 and 0.5 g/L) released significantly less NETs to the extracellular network and filamentous structures (p < 0.01) (Figure 7E, Figure 7F). These experiments documented that QJHTD inhibited the formation of PMA-stimulated NETs.
QJHTD Could Reduce the Generation of ROS During the Formation of NETs
NETosis is a multifactorial process, but the detailed molecular mechanisms are not fully understood. The formation of PMA-induced NETs is closely related to ROS generation by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Fuchs et al., 2007; De Bont et al., 2018; Fousert et al., 2020). DPI, an NADPH inhibitor, was used as a positive control for the inhibition of ROS production. In the PMA-stimulated neutrophils, the ROS production increased with longer time and the neutrophils were stimulated by PMA (Supplementary Figure S6). As can be seen from Figure 8 and Supplementary Figure S6, QJHTD treatment at concentrations of 0.125, 0.25, and 0.5 g/L significantly inhibited PMA induced ROS production (p < 0.01), suggesting that the inhibitory effect of QJHTD on NET formation is mediated by ROS inhibition.
[image: Figure 8]FIGURE 8 | QJHTD could reduce the generation of ROS during the formation of NETs. (A) ROS was monitored by flow cytometry using cell-permeable DHR123. (B) Quantification data of (A) data presented as the mean ± SD of three independent experiments (**p < 0.01 compared with control group, ##p < 0.01 compared with PMA group).
QJHTD Suppresses Src Phosphorylation in LPS-Activated Neutrophils
The Src kinase family plays an important role in the systemic inflammatory response induced by LPS (Lee et al., 2007; Toumpanakis et al., 2017). Neutrophils have a key role in innate immunity and the development of infections and inflammation, and activation of the Src-dependent Smad3 signaling pathway mediates neutrophil inflammation and oxidative stress (Li et al., 2015). In this study, QJHTD (0.5 g/L) was shown to inhibit the phosphorylation of Src in the LPS-activated neutrophils (Figure 9).
[image: Figure 9]FIGURE 9 | QJHTD suppresses SRC phosphorylation in the LPS-activated neutrophils. Data presented as the mean ± SD of three independent experiments (**p < 0.01 compared with control group, #p < 0.05 compared with LPS group).
DISCUSSION
ALI is a diffuse inflammatory response of the lung caused by various internal and external pathogenic factors, which is clinically characterized by respiratory distress and refractory hypoxemia followed by respiratory failure, and with a mortality of approximately 40% (Kallet and Haas, 2003; Matthay and Zemans, 2011). Uncontrolled inflammatory response caused by various immune cells, inflammatory mediators, and cytokines is the main pathophysiological basis of ALI (Tang et al., 2009). Neutrophils play a significant role in the innate immune system. They can quickly migrate to the inflammatory site and digest and destroy the invading pathogenic microorganisms (Nauseef and Borregaard, 2014; Leiding, 2017). Some studies have demonstrated neutrophils exert an important part in the pathogenesis of ALI (Chen et al., 2018; Tsai et al., 2018; Kinnare et al., 2022). Neutrophils play a core role in the initiation, propagation, and resolution of this complex inflammatory environment by migrating to the lungs and performing various proinflammatory functions. These include release of threshing and bactericidal proteins, release of cytokines and ROS, and production of NETs (Potey et al., 2019; Yang et al., 2021).
QJHTD is a classic prescription for the treatment of pulmonary inflammation, and its beneficial effects have been clinically proven. Studies have demonstrated that QJHTD has an obvious effect in the treatment of ALI (Zhang, 2021). Major components of QJHTD such as baicalin (Ding et al., 2016), baicalein (Jiang et al., 2022), wogonin (Takagi et al., 2014), wogonoside (Zhang et al., 2014), geniposide (Xiaofeng et al., 2012), glycyrrhizic acid (Zhao et al., 2016), and platycodin D (Tao et al., 2015) showed good therapeutic effects on ALI. Furthermore, baicalein has been found to inhibit neutrophil respiratory burst activity and its ROS production (Reina et al., 2013). In neutrophils, activated by N-Formyl-Met-Leu-Phe (fMLF) or PMA, both baicalein and baicalin effectively blocked the assembly of NADPH oxidase and inhibit the activity of MPO and downregulated the expression of Mac-1, thereby reducing neutrophil adhesion (Shen et al., 2003). Wogonin and wogonoside have also been shown to effectively suppress neutrophil inflammatory activity by inhibiting neutrophil entry into the airways (Takagi et al., 2014) and lung tissue (Zhang et al., 2014; Yeh et al., 2016).
Based on the network pharmacology results, the key targets with higher degree values of the compound–target–pathway network included MAPK14, CDK2, EGFR, F2, SRC, AKT1, and so on. The p38 MAPKs signaling pathway plays an important role in regulating neutrophil activation, especially endotoxin stimulation (Li et al., 2021). In addition, it was demonstrated that MAPK14 was highly expressed in the tissues of ALI mice, and silencing MAPK14 could alleviate ALI symptoms by downregulating inflammatory cytokines (Pan et al., 2019). Inhibition of CDK2 could be used to control neutrophil numbers at the sites of infection or injury, potentially preventing neutrophil-mediated excessive inflammation (Hsu et al., 2019). In lung tissue, EGFR is widely expressed in epithelial cells, and EGFR activation can recruit neutrophils, promoting the secretion of antibacterial peptides and elimination of pathogenic microorganisms (Burgel and Nadel, 2008). EGFR is also involved in regulating the expression of IL-8, thereby promoting the adhesion of neutrophils (Hamilton et al., 2003). Treatment with EGFR inhibitors, such as erlotinib, AG1478, and 451 effectively reduced inflammatory cell infiltration and relieved lung injury in the ALI animal models (Shan et al., 2017; Tao et al., 2019). The Src family consists of non-receptor tyrosine kinases with nine members in total, namely, Src, Fyn, Yes, Yrk, Blk, Fgr, Hck, Lck, and Lyn (Okutani et al., 2006). Several key neutrophil functions are regulated by Src kinases, such as adhesion-dependent degranulation of neutrophils requires the Fgr and Hck (Mócsai et al., 1999). Activation of Src-dependent Smad3 signaling mediates neutrophilic inflammation and oxidative stress in hyperoxia-augmented ventilator-induced lung injury (Li et al., 2015). Studies have shown that bletinib and resveratrol ameliorate neutrophil inflammation and lung injury via inhibition of Src family kinases (Tsai et al., 2019; Kao et al., 2021). AKT1 gene deletion can promote neutrophil apoptosis, attenuate neutrophil influx into the lungs of mice, and diminish the expression of proinflammatory factors in bronchoalveolar lavage fluid after intratracheal administration of low-molecular-mass hyaluronan (Zhao et al., 2018). It has also been reported that AKT1 expressed by neutrophils is downregulated during bacterial infection and neutrophil activation, and in the mouse models of ALI and S. aureus infection, AKT1 deficiency resulted in severe disease progression with concomitant neutrophil recruitment and enhanced antimicrobial activity, and the AKT1-STAT1 signaling axis may negatively regulate neutrophil recruitment and activation in these ALI mice (Liu et al., 2013). CLLV-1, an AKT inhibitor targeting AKT Cys310, showed potent anti-inflammatory activity in human neutrophils and LPS-induced mouse ALI (Chen et al., 2019).
The top 20 targets with higher degree values of the compound–target–pathway network were selected for molecular docking experiments. The result of molecular docking showed that baicalin, oroxylin A-7-glucuronide, hispidulin-7-O-β-D-glucuronide, wogonoside, baicalein, wogonin, and mangiferin bound with most target proteins. These flavonoids might be the main effective ingredients of QJHTD in the treatment of ALI. The anti-inflammatory mechanism and much more biological activities of baicalein, baicalin, wogonoside, wogonin, and mangiferin have been reported (Chen et al., 2009; Ku and Bae, 2015; Lee et al., 2015a; Qu et al., 2017), such as mangiferin anti-inflammatory by inhibiting the MAPK pathways (Jeong et al., 2014; Suchal et al., 2016; Liu et al., 2019). Wogonin protects against endotoxin-induced ALI via reduction of p38 MAPK and JNK phosphorylation (Wei et al., 2017). Components such as baicalin, oroxylin A-7-glucuronide, wogonoside, baicalein, and wogonin are characterized by potential pharmacologically activity in the treatment of virus related to lung inflammation (Li et al., 2011). Meanwhile, both baicalin and wogonin inhibited thrombin-catalyzed fibrin polymerization and platelet functions, prolonged PTT and PT significantly, and inhibited the activities and production of thrombin and FXa (Ku and Bae, 2014; Lee et al., 2015b). The result of molecular docking and SPR experiments suggested that compounds of baicalein, wogonin, and baicalin have a strong affinity with thrombin protein. In the animal models of ALI, plasma and lavage fluid thrombin content elevated evidently (Lou et al., 2019; Arroyo et al., 2021; Kaspi et al., 2021). Neutrophils were shown to be effector cells mediating lung vascular injury after thrombin-induced intravascular coagulation (Malik and Horgan, 1987). Meanwhile, neutrophils were found in large numbers in thrombi within thrombi in injured mice, suggesting that neutrophils are crucial for pathological thrombosis (Brill et al., 2012; Martinod et al., 2013). Moreover, neutrophil binding to endothelial cells was inhibited by ICAM-1 or LFA-1 inhibitors; thus, thrombosis was reduced in mice (Darbousset et al., 2012). In particular, extracellular DNA and histones have been reported to induce thrombin activation in vitro (Fuchs et al., 2010; Semeraro et al., 2011), and NETs have been identified in the experimental models of deep-vein thrombosis (De Boer et al., 2013). In E. coli induced sepsis, inhibition of NETs attenuates intravascular coagulation and end-organ damage, and blocking NET-induced intravascular coagulation restores microvascular perfusion (McDonald et al., 2017). As mentioned previously, there is a close correlation between thrombin and neutrophils, especially NETs.
GO enrichment analysis of the interactive targets has shown that the biological processes engaged in QJHTD for ALI mainly involved protein phosphorylation, response to wounding, response to bacterium, regulation of inflammatory response, and so on. Molecular functions analysis revealed protein serine/threonine/tyrosine kinase activity, endopeptidase activity, nitric-oxide synthase regulator activity, and phosphatase binding. In terms of cellular components, GO enrichment analysis involved vesicle lumen, extracellular matrix, and platelet alpha granule. More and more studies implicated the potential role of platelet mediators in the pathogenesis and progression of ALI (Looney et al., 2009; Lê et al., 2015; Yasui et al., 2016).
The result of KEGG pathway analysis included neutrophil extracellular trap formation. NETs are a network structure comprising DNA backbone, granule components, histones, and neutrophil elastase and other bactericidal proteins that are released into the extracellular space after neutrophils are stimulated and activated and named this process NETosis (Brinkmann et al., 2004). NETs are a double-edged sword. On the one hand, they can immobilize or trap and kill invading pathogens, exert antimicrobial effects, and facilitate inflammation subsidence, and it is an innate response against pathogen invasion and plays an important role in host defense (Brinkmann, 2018; Petretto et al., 2019; Hilscher and Shah, 2020). However, excessive formation or insufficient clearance can not only directly cause tissue damage but also recruit other proinflammatory cells or proteins, promote the release of inflammatory factors, and further expand inflammatory response (Luo et al., 2014).
For the past few years, NETs have been well-documented in the ALI (Saffarzadeh et al., 2012; Luo et al., 2014; Liu et al., 2016; Gan et al., 2018). Studies have found that NETs are closely related to the damage degree of alveolar epithelial and endothelial cells and the concentration of inflammatory mediators, suggesting that NETs may play an important role in the pathological process of ALI (Saffarzadeh et al., 2012; Luo et al., 2014). Bacteria, viruses, fungi, activated platelets, PMA, and IL-8 can activate neutrophils to generate NETs (Narasaraju et al., 2011; Carestia et al., 2016). We isolated neutrophils from rat peripheral blood, induced neutrophils by PMA, and verified that QJHTD inhibited the formation of NETs by SYTOX Green plate reader assay, fluorescence microscopy, and immunofluorescence stain. These experiments documented that QJHTD inhibited the formation of PMA-stimulated NETs. There are two main pathways for the formation of NETs: pyrolysis NET formation dependent on NADPH oxidase and non-pyrolysis NET formation independent of NADPH oxidase (Chen et al., 2021). PMA activates protein kinase C, which in turn stimulates the production of ROS by activating NADPH oxidase (Fuchs et al., 2007; De Bont et al., 2018; Fousert et al., 2020). DCFH-DA and DHR123 were used as a probe to quantify ROS production, and it was found that QJHTD reduced ROS production during the formation of NETs. Based on the result of in vitro experiments, we can speculate that QJHTD plays a crucial role in the treatment of ALI by inhibiting NETs.
CONCLUSION
In this study, 22 prototype compounds of QJHTD absorbed into rat blood were combined with the network pharmacology investigation, molecular docking, and experimental validation to elucidate the mechanism of QJHTD against ALI. According to the results, baicalin, oroxylin A-7-glucuronide, hispidulin-7-O-β-D-glucuronide, wogonoside, baicalein, wogonin, tianshic acid, and mangiferin were identified as the vital active compounds, and CDK2, EGFR, AKT1, F2, SRC, and MAPK14 were considered the major targets. SPR experiments also confirmed that baicalein, wogonin, and baicalin have a strong affinity with thrombin protein and might exert thrombosis prevention in ALI to some extent. Western blot experiments demonstrated that QJHTD inhibited Src phosphorylation in LPS-activated neutrophils evidently. Sytox green plate reader assay, fluorescence microscopy, and immunofluorescence stain validated that QJHTD inhibited the formation of PMA-stimulated NETs. This study revealed the active compounds, effective targets, and potential pharmacological mechanisms of QJHTD acting on ALI.
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Asthma is phenotypically heterogeneous with several distinctive pathological mechanistic pathways. Previous studies indicate that neutrophilic asthma has a poor response to standard asthma treatments comprising inhaled corticosteroids. Therefore, it is important to identify critical factors that contribute to increased numbers of neutrophils in asthma patients whose symptoms are poorly controlled by conventional therapy. Leukocytes release chromatin fibers, referred to as extracellular traps (ETs) consisting of double-stranded (ds) DNA, histones, and granule contents. Excessive components of ETs contribute to the pathophysiology of asthma; however, it is unclear how ETs drive asthma phenotypes and whether they could be a potential therapeutic target. We employed a mouse model of severe asthma that recapitulates the intricate immune responses of neutrophilic and eosinophilic airway inflammation identified in patients with severe asthma. We used both a pharmacologic approach using miR-155 inhibitor-laden exosomes and genetic approaches using miR-155 knockout mice. Our data show that ETs are present in the bronchoalveolar lavage fluid of patients with mild asthma subjected to experimental subsegmental bronchoprovocation to an allergen and a severe asthma mouse model, which resembles the complex immune responses identified in severe human asthma. Furthermore, we show that miR-155 contributes to the extracellular release of dsDNA, which exacerbates allergic lung inflammation, and the inhibition of miR-155 results in therapeutic benefit in severe asthma mice. Our findings show that targeting dsDNA release represents an attractive therapeutic target for mitigating neutrophilic asthma phenotype, which is clinically refractory to standard care.
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Introduction

Over the last two decades, asthma incidence in the United States has increased from 5.5% to 7.8% of the general population and is a major health concern for patients and medical professionals (CDC, Most Recent National Asthma Data, 2019). Asthma is the most common chronic inflammatory disease with several characterized endotypes and phenotypes (1–3). Pathophysiologic mechanisms in asthma and treatment strategies are determined by inflammatory phenotypes (4). Unlike the relatively well-defined mechanisms that result in type 2 high eosinophilic asthma inflammation, those leading to non-type 2 high mixed neutrophilic/eosinophilic asthma are poorly understood, and the specific treatments based on molecular pathogenesis are yet to be developed. Although only 10% of asthmatics are categorized as mixed cellular (5), they account for nearly 200,000 hospitalizations and 3,500 deaths per year in the United States (6). Non-type 2 severe asthma is poorly responsive to corticosteroid therapy, compared to the highly steroid-responsive type 2 eosinophilic asthma (7). Recent evidence indicates that asthma exacerbations resulting from excessive activation of the innate immune responses are manifested as airway neutrophilia, although details of the mechanism are not fully elucidated (8–10). Given the frequency, severity, and disability associated with the neutrophilic or mixed cellular asthma phenotypes, it is crucial to identify molecular mechanisms that contribute to mixed cellular asthma that is poorly responsive to conventional therapy.

Although several mediators have been implicated in neutrophil recruitment to the airways (9, 11, 12), these have not proven to be pivotal in the pathogenesis of neutrophilic and/or mixed neutrophilic/eosinophilic asthma, indicating that there are gaps in our knowledge of the immune response in the airways of those with severe asthma. Therefore, it is important to identify critical factors contributing to increased neutrophils in asthmatic airways of these refractory phenotypes. To understand the complex immune responses of severe human asthma, it is imperative to develop a mouse model of severe asthma that displays mixed granulocytic infiltrates in the airways (7). Although no ideal mouse model provides a comprehensive nature of severe human asthma (13), our model is characterized by mixed eosinophilic and neutrophilic inflammation, which is ideal for determining mechanisms and potential therapeutic targets in corticosteroid-refractory severe asthma.

Neutrophils have an important role in innate defense mechanisms. However, in asthma, airway neutrophils have been associated with disease severity and acute exacerbations (14). Elevated sputum eosinophils and neutrophils are associated with the lowest lung function in asthma (15–17). Specifically, the interaction of eosinophils and neutrophils is associated with a greater decline in lung function compared to any single inflammatory pathway in severe asthma (17). Th1/IFN-γ and Th17/IL-17 pathways play critical roles in neutrophil recruitment to the lungs in both neutrophilic and mixed neutrophilic/eosinophilic severe asthma (18–20). The bacterial second messenger cyclic (c)-di-GMP has been shown to be a mucosal adjuvant that induces a Th1–Th17 response (21, 22). Upon activation, neutrophils release chromatin fibers, referred to as extracellular traps (ETs), consisting of host double-stranded (ds)DNA, histones, and granule contents (23). Web-like structure ETs have antimicrobial defense activity by ensnaring microbes in a sticky matrix of extracellular chromatin and bactericidal proteins (24) but also have physiologic and pathologic roles in asthmatic airways (25–27). Although multiple lines of evidence showed that ETs released by activated neutrophils and eosinophils increase asthma severity (26, 28, 29), the mechanisms by which ETs influence the progression of mixed neutrophilic/eosinophilic severe asthma have not yet been defined.

Our study shows that ETs were released in the bronchoalveolar lavage fluid (BALF) of patients with asthma who underwent subsegmental bronchoprovocation with allergen (SBP-AG) challenge. In a murine asthma model that resembles the complex immune responses identified in severe human asthma, we observed that microRNA (miR)-155 regulates the release of ETs, which is associated with the severity of allergic immune responses. Using a serum-derived exosome-based oligonucleotide delivery system, we blocked the release of ETs in vivo and attenuated the severity of allergic lung inflammation in the mouse model. Our results provide strong pre-clinical evidence that targeting host dsDNA release is an effective therapeutic approach for mitigating mixed neutrophilic/eosinophilic asthma lung inflammation and alleviating severe airway hyperresponsiveness.



Materials and methods

Detailed methods are described in the Supplementary Material.


Subsegmental bronchoprovocation with allergen bronchoscopy protocol

This protocol was approved by the Institutional Review Board (IRB) of the University of Illinois (Chicago, IL, USA), and an investigational new drug (IND) was obtained from the Food and Drug Administration (FDA) for bronchoscopic administration of allergens to volunteers. The details of the protocol were described in our previous publication (30, 31). In brief, we recruited study subjects who are on step 1 asthma therapy according to the National Asthma Education and Prevention Program (NAEPP) Asthma Guidelines. After informed consent was obtained, subjects underwent screening for inclusion and exclusion criteria, which included skin prick testing for dust mite, short ragweed, and cockroach allergens. Once the screening was complete, BAL was performed per standard research guidelines approved by the IRB. Pre-challenge BAL samples were obtained right before SBP-AG. At 48 h after the SBP-AG, post-challenge BAL samples were obtained from the allergen exposed, at the adjacent and contralateral subsegment. The maximum challenge dose for SBP-AG was 5 ml of 100 binding antibody units (BAU)/ml or 1:2,000 wt/vol concentration of allergen. The mean age of the UIC was 24 (range 18–36), and the male-to-female ratios were 2:4.



Mice

C57BL/6, miR-155KO (007745), and PAD4KO mice (030315) were purchased from the Jackson Laboratories (Bar Harbor, ME, USA). Myeloid miR-155 knockout mice and miR-155fl/fl mice (026700) were crossed with LysM-cre mice (004781, Jackson Laboratories, Bar Harbor, ME, USA) to homozygosity (miR-155fl/flLysMcre). Littermates were used as controls. DNA extraction and genotyping were performed as described previously (32). Unless otherwise stated, mice at age-matched 8 to 12 weeks were used in this study.



Induction of murine asthma model

We used the published triple-allergen (DRA)-induced mouse asthma model with minor modifications (30, 33, 34). DRA mixture includes extracts of dust mite (Dermatophagoides farina, 830 µg/ml), ragweed (Ambrosia artemisiifolia, 8.34 mg/ml), and Aspergillus fumigatus (830 µg/ml; Stallergenes Greer, Lenoir, NC, USA). Mice were sensitized with the DRA allergen mixture on days 0 and 5 by intranasal (i.n.) injection. Seven days later (day 12), mice were challenged with DRA mixture (200 µg) at the same concentration used for sensitization in 20 µl of saline once daily for 3 days/week for 4 weeks. Twenty-four hours following the final challenge, mice were sacrificed, and BALF and lung tissues were collected for further analysis. All sensitized animals had elevated levels of total IgE.

In the severe asthma model, mice were sensitized with DRA (100 µg) and cyclic-di-GMP (c-di-GMP) (5 µg; Tocris, Minneapolis, MN, USA) intranasally on days 0 and 5. Seven days later (day 12), mice were subjected to three challenge sets involving three consecutive challenges with DRA (100 µg) and c-di-GMP (0.5 µg) with a rest of 4 days in between challenge sets (7). Mice were then euthanized, and features of allergic airway inflammation were assessed, 24 h following the final challenge. The schematic of this model is shown in Figure 1A.




Figure 1 | Leukocytes released ET-derived host dsDNA in asthma. (A) PicoGreen assays of extracellular dsDNA in the BALF samples obtained pre- and post-allergen challenge in the subsegmental bronchoprovocation with allergen (SBP-AG) protocol (N = 3). (B) Western immunoblot for citH3 in BALF samples obtained pre- and post–allergen challenge in the SBP-AG protocol. (C) NE from BALF in the SBP-AG protocol. (D) Mice were sensitized and challenged by daily intranasal (i.n.) administration of DRA or saline, 3 days a week for 4 weeks. Cell staining for markers of neutrophils (CD45+Ly6G+) and eosinophils (CD45+Ly6G−SiglecF+CD11c−). (E) Airway hyperresponsiveness (AHR) in mice subjected to the 4 weeks triple allergen asthma model. Shown are central airway resistance (Newtonian resistance, Rn) values. (F) Concentration of extracellular dsDNA and NE in the BALF of mice subjected to triple allergen asthma model (N = 6). (G) The level of neutrophil chemokine KC and MPO in BALF from DRA-induced asthmatic mice (N = 6). (H) Representative confocal microscopy images of lung macrophages from allergen-exposed mice producing ETs with co-expression of citH3 (arrow). Blue, staining for DNA; red, citH3; green, macrophages. Graphs were plotted as mean ± SE. p-Values were obtained using a two-tailed Student’s t-test. BALF, bronchoalveolar lavage fluid; ET, extracellular trap; NE, neutrophil elastase; MPO, myeloperoxidase.





Delivery of small RNA-loaded exosomes in vivo

Serum exosomes were isolated according to the manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA, USA). Nanoparticle tracking analysis was performed to determine the size and concentration of serum exosomes (NanoSight NS300). Modified calcium-mediated transfection was used to introduce small RNAs, including the miR-155 inhibitor (catalog no. MSTUD0080, Sigma, St. Louis, MO, USA) and inhibitor control (catalog no. NCSTUD001, Sigma) into serum exosomes (35). To deliver small RNAs into serum exosomes, 100 pmol of small RNA was loaded into 100 µg of serum EXOs quantified by protein content (36). For in vivo experiments, small RNA-loaded exosomes in 30 µl of saline were i.n. instilled into the mouse lung 30 min before the challenge at 3 weeks. One day after the last instillation, mice were sacrificed, and the cellular profile in the BALF was evaluated.



Measurements of airway hyperresponsiveness

Mechanical properties of the mouse lung were assessed in mice anesthetized with ketamine/xylazine using the forced oscillation technique as previously described (34). Anesthetized mice were mechanically ventilated on a FlexiVent computer-controlled ventilator (SCIREQ, Montreal, QC, Canada) with 8 ml/kg tidal volume at a frequency of 150 breaths/min and 2–3 cmH2O positive end-expiratory pressure. Continuous EKG and pulse oximetry monitoring (Starr Life Sciences, Oakmont, PA, USA) was performed. Pressure and flow data (reflective of the airway and tissue dynamics) were used to calculate lung resistance, static lung compliance, and dynamic lung compliance at baseline with the use of the single-compartment and constant phase model. Standardized recruitment maneuvers were performed prior to each physiologic measurement to prevent atelectasis and standardize volume history. Maximal airway responsiveness was measured following exposure to increasing doses of nebulized methacholine (MCh) (0–50 mg/ml).



DsDNA measurement in bronchoalveolar lavage fluid

DsDNA was measured in the acellular fraction of the BALF, which was obtained after a double centrifugation and supernatant collection. Levels of dsDNA were determined with Quant-iT PicoGreen dsDNA reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. For immunoblot analysis for citH3 to detect ETs, anti-citH3 (ab5103, Abcam, Cambridge, UK) was used.



Single-cell RNA sequencing

Single cells were obtained from asthma lung tissues by mechanical and enzymatic dissociation (33). After enzymatic digestion, the cells were placed in an inactivation buffer (Roswell Park Memorial Institute (RPMI) 1640 + 10% fetal bovine serum (FBS)) and filtered to remove any remaining tissue, the filtrate was centrifuged at 300g, the cell pellet was suspended in red blood cell (RBC) lysis buffer and resuspended in inactivation buffer, and viability was determined to be 85%–95% before submitting for approximately 0.75 to 1 × 105 cells for single-cell RNA sequencing (scRNA-seq) analysis. Library preparation was carried out using 10x Genomics Chromium controller (10x Genomics). Chromium 10x Genomics single-cell library was sequenced as 150 base pair single-end reads on an Illumina NovaSeq 6000 (Illumina, Inc., San Diego, CA, USA), with cells from each of the two microchips sequenced across three flow cell lanes.



Bioinformatics analysis for next-generation sequencing data

Single-cell data in feature-barcode matrices were processed using Cell Ranger 6.0.0 (37) using the GRCm38 (mm10) genome (downloaded March 2021 refdata-gex-mm10-2020-A build from10x) to identify unsupervised cell clusters. The data were natural log transformed and normalized for scaling the sequencing depth to a total of 1e4 molecules per cell, followed by regressing out the number of UMI using Seurat 4.0.4 (38). Briefly, cells were selected based on RNA content thresholds: greater than 300 RNA features, less than 2,000 unique expressed genes (nFeature_RNA), and mitochondrial gene content less than 25% using the “subset” function. Preprocessed data from the six samples were integrated using the Seurat function, the FindIntegrationAnchors function, and IntegrateData using 20 principal components as default parameters normalized with NormalizeData function. The variable features were found with FindVariableFeatures function using 2,000 features. After scaling and principal component analysis (PCA) normalization with default parameters, clustering was performed using Seurat functions FindNeighbors and FindClusters functions using 20 PCs at resolution of 0.8 with the Louvain algorithm. The identified clusters were then visualized using Uniform Manifold Approximation and Projection (UMAP) embedding using 20 PCs. The feature plots were generated using Seurat function FeaturePlot using the RNA assay. Module score was calculated from inputting genes using the Seurat-implemented function AddModuleScore and generated using the FeaturePlot function as described (38). The average expression levels of each cluster at the single-cell level are subtracted by the aggregated expression of random control feature sets (200 by default). For dot plot figures, normalized expression values were generated using NormalizeData function from the RNA assay after splitting clusters by condition. This would create a matrix of natural log-normalized gene expression with a scaling factor of 10,000. The size of the circle represents the number of cells in the cluster when the gene was detected. z-Score dot plots were generated using raw expression data using the scale function in Seurat dot plot function. Pathway enrichment analysis for lymphocyte clusters was performed using Ingenuity Pathway Analysis (IPA) (39). Raw data for IPA analysis was found using Seurat implemented function FindAllMarkers using parameters: only.pos = FALSE, min.pct = 0.2, thresh.use = 0.2. IPA pathway z-score of greater than 2 is considered activated, while a score of less than −2 is considered an inhibited pathway. Canonical Pathway figures were generated using ggplot2 [https://cran.r-project.org/web/packages/ggplot2/citation.html] in R. Functional enrichment analysis by cluster was performed using enrichR [https://maayanlab.cloud/Enrichr/] DEenrichRPlot function using the Gene ontology (GO) 2021 pathways and Kyoto Encyclopedia of Genes and Genomes (KEGG) 2019 mouse databases [https://www.genome.jp/kegg/kegg1.html].



Statistical analysis

Data were represented as box-and-whisker plots unless otherwise noted. Results were expressed as means ± SE. A comparison between two groups was performed with Student’s t-test for unpaired variables. Statistical significance is indicated in figure legends. A p < 0.05 was considered statistically significant.




Results


Leukocytes release extracellular trap-derived dsDNA in asthma

ETs have been shown to be present in the airways of asthmatics (25, 26). High expression of ETs-derived dsDNA correlates with airway neutrophilia and epithelial cell damage and is related to mucus production (5, 9). Consistent with these findings, our data show that leukocyte-released ET-derived dsDNA presents in BALF of volunteers with asthma who were experimentally challenged with allergens (Figure 2A). As illustrated, there was a dramatic increase in extracellular dsDNA in the allergen-challenged site compared with the pre-challenge or contralateral post-challenge sites, with a significantly lower level in the immediate subsegment adjacent to the allergen-challenged site. To confirm that the extracellular dsDNA is derived from ETosis, we measured hyper-citrullinated histone H3 (citH3), a characteristic of ETs. CitH3 was present in the post-challenged sites, the highest at the experimental site (Figure 2B). Consistent with this finding, neutrophil elastase (NE) was also higher in the allergen-challenged site (Figure 2C).




Figure 2 | Host dsDNA release was greatly increased in the airways of severe asthma (SA) mice. (A) Schematics of the mouse model of SA used in the study. Mice were sensitized and challenged with c-di-GMP and DRA for 3 weeks, and BALF was collected on day 29. Representative gating strategy outlining airway neutrophils and eosinophils in SA mice. (B) PicoGreen assay and Western immunoblot for citH3 showing ET-associated DNA present in BALF. (C) NE in the BALF of mice in the SA model. (D) We observed amorphous, unshaped, extracellular DNA structures that colocalized with citH3 (red) and MPO (green) in severe asthma mouse lungs, as identified by immunofluorescence. (E) Representative confocal microscopy images of BAL cells from SA mice producing MPO with co-expression of PAD4 (arrow). Blue, staining for DNA; purple, MPO; green, macrophages; cyan, PAD4. (F) Expression of PAD4 as determined by Western immunoblot. (G) The level of neutrophil chemokine chemokines and cytokines in BALF from SA mice (N = 6). Graphs were plotted as mean ± SE. p-Values were obtained using a two-tailed Student’s t-test. ET, extracellular trap; BALF, bronchoalveolar lavage fluid; NE, neutrophil elastase.



We also observed an increase in BALF dsDNA and NE levels in a murine model of chronic asthma (Figure 2F), in which mice were challenged with the common triple allergen DRA (dust mite, ragweed, and Aspergillus) for 4 weeks as our group previously reported (Figure 2D) (33). As shown, neutrophils (Neu, CD45+Ly6G+) and eosinophils (Eos, CD45+Ly6G−SiglecF+CD11c−) were detected in the airways of allergen-challenged mice (Figure 2D), with was associated with accentuated MCh-induced airway responsiveness (Figure 2E). Notably, the levels of neutrophil chemokine CXCL1 (also known as Gro-α in humans and KC in mice) and myeloperoxidase (MPO), a surrogate marker of increased neutrophils, were significantly increased in BALF from the allergen-challenged mice compared to saline-challenged control (Figure 2G). Finally, we detected extracellular DNA structures that prominently colocalized with citH3 in pulmonary macrophages and granulocytes from the mouse model of asthma (Figure 1H, arrows). These data indicate that recruited leukocytes, neutrophils and eosinophils, are the major cellular source of dsDNA in the asthmatic airways in humans and mice.



Host dsDNA release is significantly increased in the airways of severe asthma mice

Airway neutrophilia is one of the hallmarks of acute exacerbation or severe subgroups of asthma (14). In order to address this important clinically relevant issue, we employed a mouse model of severe asthma that recapitulates the intricate immune responses of neutrophilic and eosinophilic airway inflammation identified in patients with severe asthma (16, 17, 40). In this severe asthma model (hereafter, SA model), mice are sensitized to the three allergens (DRA) along with c-di-GMP followed by 1 week of rest and then 3 weeks of intranasal challenge (Figure 1A) (7). A key feature of this model is increased numbers of eosinophils and neutrophils in BAL samples that were characterized by flow cytometry. In this model, the recruited neutrophils underwent ETosis in the lung, as evidenced by increased BALF dsDNA, citH3, and NE (Figures 1B, C). Using immunofluorescence microscopy, we observed amorphous and unshaped structures colocalized with citH3 and MPO in severe asthma mouse lungs (Figure 1D). Peptidyl arginine deiminase 4 (PAD4) has been shown to be involved in ETosis by hyper-citrullination of histones (5). Notably, high-resolution confocal microscopy indicated the presence of MPO/PAD4-positive neutrophils in the BAL cells of the severe asthma mice (Figure 1E), indicating that recruited neutrophils are a cellular source of dsDNA and citH3 in severe asthmatic airways. The level of PAD4 protein was much higher in the whole lung tissue of the severe asthma mice than in the saline-treated control (Figure 1F) along with high levels of BAL-KC and BAL-MPO in the severe asthma mice (Figure 1G).

Neutrophils and eosinophils were increased in BAL fluids of the mice subjected to the SA model, compared with saline-challenged control (Supplementary Figures 1A, B), but the SA model had fewer BAL eosinophils compared to the triple allergen (DRA)-only model (Supplementary Figure 2). The DRA/c-di-GMP challenge significantly induced the expression of genes associated with Th2 and Th17 immune responses (including Il13, Il17, Ifng, Kc, and Muc5a/c) compared to the saline-treated control (Supplementary Figure 1C). Periodic acid-Schiff (PAS) staining detected that mucus glycol conjugates of goblet cells were also increased in the severe asthma mice (Supplementary Figure 1D). Of note, the severe asthma mice had highly increased bronchial hyper-reactivity to MCh (Supplementary Figure 1E), compared to that of the triple allergen (DRA)-only model (Figure 2E). Total serum IgE and the levels of BALF Th2 cytokines/chemokines such as CCL17, CCL22, IL-13, IL-17, and periostin were elevated in the severe asthma mice compared to the saline-treated control (Figure 1G).



MiR-155 is involved in extracellular trap formation in severe asthma

Recent studies indicate that miR-155 plays an indispensable role in Th1/Th2/Th17 immune responses (41, 42). In this study, we hypothesized that miR-155 is involved in ETs formation and related cellular functions in macrophages. We observed that lungs and sorted alveolar macrophages (AMs) from the severe asthma mice contained higher levels of miR-155 than those derived from the saline-treated control (Figure 3A and Supplementary Figure 2B). Of interest, the myeloid cell-specific miR-155-deficient mice (miR-155fl/flLysM-cre) showed a reduction in extracellular dsDNA level in BALF as compared to control littermates (miR-155fl/fl) at a steady state (Supplementary Figures 3A–C). However, there was no difference in BAL cell numbers (Supplementary Figure 3D).




Figure 3 | MiR-155 is involved in ET formation in severe asthma (SA). (A) Expression of miR-155 in lung from SA mice (N = 3–5). (B) Total cells and (C) leukocyte differentials were counted in the BALF of the mouse model of SA used in the study (N = 6-8). (D) PicoGreen assay and Western immunoblot for citH3 showing ET-associated DNA present in BALF. (E) NE in the BALF from WT and miR-155KO mice (N = 5). (F) PAD4 and citH3 proteins as determined by Western immunoblotting from SA mouse lung. (G) Representative confocal microscopy images of BAL cells from SA mice producing MPO with co-expression of PAD4 (arrow). Blue, staining for DNA; cyan, MPO; green, macrophages; red, PAD4. (H) PAS-stained sections from WT (top) and miR-155KO (bottom) mouse lungs subjected to the SA model. Boxed regions are shown enlarged at right. (I) Airway hyperresponsiveness (AHR) in WT and miR-155KO mice subjected to the SA model. Graphs were plotted as mean ± SE. p-Values were obtained using a two-tailed Student’s t-test. ET, extracellular trap; BALF, bronchoalveolar lavage fluid; NE, neutrophil elastase; MPO, myeloperoxidase; PAS, periodic acid-Schiff; WT, wild type.



When mice were subjected to the SA model, miR-155 whole-body deficiency (miR-155KO mice) significantly decreased the total number of BAL cells (Figure 3B) with a marked reduction in BAL eosinophil and neutrophil counts compared with that in wild-type (WT) mice (Figure 3C). Furthermore, the miR-155KO mice had markedly reduced cell-free dsDNA (Figure 3D) and NE (Figure 3E) in BAL fluids, which are characteristics of ETosis. Consistent with these findings, miR-155KO mouse lungs subjected to the SA model had decreased PAD4 and citH3 expressions (Figure 3F). This lower propensity of the miR-155KO mice to ETosis in severe asthma seems to be associated with a decreased number of PAD4-positive neutrophils in BALF (Figure 3G). Together, these findings indicate that miR-155 regulates ETosis and is pivotal to neutrophilic lung inflammation such as severe asthma.

The miR-155KO mice subjected to the SA model had significantly decreased mRNA levels of characteristic genes involved in eosinophilic (Il4, Il13, Ccl17, and Muc5a/c) and neutrophilic (Il17, Mmp12, and Kc) inflammation compared to the WT counterparts (Supplementary Figure 4A). Similarly, the miR-155KO mice subjected to the SA model had decreased PAS staining (Figure 3H) and blunted MCh-induced airway responsiveness (Figure 3I) as well as marked deficiency in Th2 and Th17 cytokine productions (Supplementary Figure 4B). Consistent with these findings, BAL Th2 and Th17 cytokines were also significantly decreased in the miR-155KO mice (Supplementary Figure 4C). Collectively, these data indicate that miR-155 regulates Th2 and Th17 allergic lung inflammation via ETosis process.



Inhibition of miR-155 alters eosinophilic and neutrophilic inflammation in the mouse model of severe asthma

Next, we examined whether miR-155 could be targeted to decrease allergic lung inflammation by inducing defective ETosis. Emerging evidence indicates that exosomes can serve as vehicles for therapeutic drug delivery (43, 44). We established a protocol using serum-derived exosomes to deliver the specific inhibitor against miR-155 into the lung in vivo, as previously described (35). We purified exosomes from mouse serum and determined the size of serum-derived exosomes and inflammatory lung response in vivo. Nanoparticle tracking analysis measurement (NanoSight) showed that the purified serum-derived exosomes were ~78 nm in diameter, as expected from the previous study (45) (Supplementary Figure 5A). Incubation of serum-derived exosomes with primary alveolar macrophages showed no cytotoxic effect (Supplementary Figure 5B). Serum-derived exosome treatment on mouse lungs did not alter the number of BAL inflammatory cells (Supplementary Figure 5C). To evaluate the efficiency of miR-155 inhibition in vivo, a synthetic miR-155 inhibitor (mmu-miR-155-5p, Sigma-Aldrich) was loaded into exosomes using modified calcium-mediated transfection and delivered to the lung via intranasal instillation (Supplementary Figure 5D). As shown, exosome-mediated delivery of the specific miR-155 inhibitor decreased the miR-155 level in the lung, compared with the group treated with a control vector (Supplementary Figure 5E).

In the SA model, the neutrophil influx into BAL was significantly decreased in miR-155 inhibitor/exosome-treated mice compared with control/exosome-treated mice (Figure 4A, 19.3% vs. 34%). The exosome-mediated delivery of miR-155 inhibitor significantly decreased the total number of BAL cells with a marked reduction in BAL eosinophil and neutrophil numbers, compared with control/exosome-treated mice (Figures 4B, C), although both groups were equally sensitized to the allergens because total serum IgE levels were identical in the SA model (Figure 4D). Moreover, BAL-dsDNA and citH3 were markedly decreased in BALF of the miR-155 inhibitor/exosome-treated mice subjected to the SA model as compared with their counterpart control (Figure 4E), indicating the critical roles of miR-155 in ETosis. Concordant with the decrease of ETosis, the miR-155 inhibitor/exosome-treated mice had attenuated levels of BAL-NE (Figure 4F).




Figure 4 | Delivery of miR-155 inhibitor has broad immunosuppressive potential in severe asthma (SA) mice. (A) Delivery of miRNA inhibitor via serum-derived exosomes into the lung macrophages in vivo. Serum exosomes measuring 100 μg transfected with 100 pmol of inhibitor control or miR-155 inhibitor (miR-155-5p) were given. Mice were sensitized and challenged with c-di-GMP and DRA and treated with miR-155 inhibitor or control on days 25, 26, and 27. Neutrophil influx in BAL from SA mice is analyzed by flow cytometry (N = 5-7). (B) Total cells and (C) leukocyte differentials were counted in the BALF. (D) All SA animals had elevated levels of total IgE. (E) PicoGreen assay and Western immunoblot for citH3 showing ET-associated DNA present in BALF. (F) NE in the BALF of mice to the SA model. Graphs were plotted as mean ± SE. p-Values were obtained using a two-tailed Student’s t-test. BAL, bronchoalveolar lavage; BALF, bronchoalveolar lavage fluid; ET, extracellular trap; NE, neutrophil elastase.



Next, we examined the asthma features of the SA model with the exosome-mediated delivery of a miR-155 inhibitor. The treatment with a miR-155 inhibitor in the lung in the SA model induced a marked reduction in the expression of Il13, Il17, Ifng, Kc, and Ccl17 genes in the lung (Figure 5A); decreased goblet cell hyperplasia (Figure 5B); and lowered PAD4 protein expression in the lung as compared to the control group (Figure 5C). Airway hyperresponsiveness (AHR) was also markedly lower in the miR-155 inhibitor/exosome-treated mice (Figure 5D). Similarly, there was a significant deficiency in Th2 and Th17 cytokine production (Supplementary Figure 5F) and the secretion of BAL-cytokines such as KC, IL-17, IL-13, IL-5, and CCL17 in the miR-155 inhibitor-treated group (Figure 5E). Together, these data indicate that miR-155 has a pivotal role in promoting ETosis, and miR-155 could be a target to decrease mixed Th1/Th2/Th17 immune responses.




Figure 5 | MiR-155 inhibition alters eosinophilic and neutrophilic inflammation in the airways of severe asthma (SA) mice. (A) The mRNA expression in lung tissues from Con/Exo- and 155-5p/Exo-treated mouse lungs subjected to the SA model (N = 5–7). (B) Representative histologic lung sections stained with PAS. Boxed regions are shown enlarged at right. (C) Expression of PAD4 as determined by Western immunoblot. (D) Airway hyperresponsiveness (AHR) in Con/Exo- and 155-5p/Exo-treated mice subjected to the SA model. (E) The level of cytokines in BALF (N = 5–7). Graphs were plotted as mean ± SE. p-Values were obtained using a two-tailed Student’s t-test. PAS, periodic acid-Schiff.





MiR-155 deficiency alters heterogeneity of lung immune cells in a mouse model of severe asthma

Next, we performed scRNA-seq to investigate the transcriptional profiles of lungs affected by miR-155. Single-cell suspensions of whole lungs were generated from the WT and miR-155KO mice subjected to the SA model (N = 3 each). Consistent with our previous data (Figure 3C), the miR-155KO mice had decreased inflammatory cell influx (Supplementary Figures 6A–C). Cells were immediately encapsulated and barcoded for library preparation using a 10x Genomics microfluidics system, followed by sequencing. We recovered approximately 10,000 individual cells, which were annotated based on established cell markers (38, 46, 47). Unsupervised clustering analysis revealed 27 different clusters corresponding to distinct cell types of the lung, including epithelial, stromal, endothelial, and leukocyte lineages with specific molecular markers (Figure 6A). The miR-155KO mice subjected to the SA model showed a decrease in lung immune cells, whereas the numbers of structural cells such as epithelial and endothelial cells were slightly increased compared to their WT counterparts (Figure 6B and Supplementary Figure 6D). We evaluated the expression of genes associated with asthma-related responses and airway remodeling per cell clusters (10, 47). Several genes were among the most highly expressed factors, including Egr1, Il1b, Stat1, Rel, Tcf4, and Nfkb1 (Supplementary Figure 6E).




Figure 6 | Single-cell RNA-seq analysis of the lung cells in severe asthma (SA) mice. (A) Single-cell RNA-seq was performed on single-cell suspensions from whole lungs of mice. Cells were clustered using a graph-based shared nearest-neighbor clustering approach plotted by a UMAP plot. UMAP plot of all scRNA-seq data showing a total of 27 distinct cellular populations that were identified. (B) UMAP plots of lung cells from the miR-155KO and WT SA groups (N = 3 per group). All cells were analyzed using canonical correlation analysis with the Seurat R package. (C) The expression levels of ET formation-related Ccl7, Lpc1, Tkt, Ak2, Actn4, Atf3, Atf4, Bax, Ptgs2, Arg2, Il1b, Rps3, Prdx6, Jun, Cd74, C3, and Hmgb1 genes are shown. Each dot size corresponds to the percentage of cells in the cluster expressing a gene, and dot color corresponds to the mean expression level for the gene in the cluster. (D) UMAP plots compare gene module scores between miR-155KO and WT SA mouse lungs using ET formation-related genes (Atf3, Atf4, Bax, Ptgs2, Arg2, Il1b, Rps3, Prdx6, Jun, Cd74, C3, and Hmgb1). (E) UMAP plots show the expression of the indicated ET-related genes in each cluster. UMAP, Uniform Manifold Approximation and Projection; WT, wild type; ET, extracellular trap.



Next, we examined ETs formation-related genes in the identified lung cell clusters. By using dot plots, we showed that the transcripts of ET formation-related genes were substantially downregulated in the miR-155KO mice subjected to the SA model (Supplementary Figure 6F). We evaluated the expression of genes associated with ETosis (48–52) including Atf3, Atf4, Bax, Ptgs2, Arg2, Il1b, Rps3, Prdx6, Jun, Cd74, C3, and Hmgb1 in leukocyte clusters of the SA model (Figure 6C). We also detected low-level expression of several genes in the miR-155KO mice subjected to the SA model. Gene module scores for these signature genes were compared between the miR-155KO and WT mice. The miR-155KO mice subjected to the SA model have less enriched gene module scores of these signature genes compared to their counterpart control (Figure 6D). Among these genes, Il1b and Ptgs2 were differentially expressed in granulocyte clusters between the WT and miR-155KO mice. Rps3 was predominantly expressed in T-cell clusters, whereas Arg2 was expressed in macrophage clusters (Figure 6E). Gene set enrichment analysis using IPA presented the lung leukocyte clusters, which showed decreased activation of pathways of RHOGDI (Rho GDP-dissociation inhibitor) signaling, apoptosis signaling, TWEAK (TNF-related weak inducer of apoptosis) signaling, IL-17 signaling, and PAK signaling, which regulate cellular function including stress-related response and allergic airway diseases 10, 18, 41), during severe asthma in the miR-155KO mice. In contrast, PPAR signaling, PPARα/RXRα signaling, and PTEN signaling pathways in miR-155KO leukocyte clusters were higher than those of the WT counterparts (Supplementary Figure 6G).



PAD4 inhibition results in decreased dsDNA with no effect on granulocytes influx in severe asthma

To further address the functional impact of ETosis on asthma, we used PAD4 knockout mice (PAD4KO) that have defective ETosis (53). PAD4KO mice had a markedly lower level of BALF dsDNA, although inflammatory cells infiltrating the lungs were higher than those of their WT counterpart (Supplementary Figures 7A–C). Similarly, the specific inhibitor for PAD4, GSK484 (10 mg/kg, i.p., three times), decreased PAD4 activity in the lung and reduced dsDNA release and NE productions in BALF (Supplementary Figures 7D, E). However, PAD4 inhibition had no change in the number of total cells or granulocyte counts in the lung (Supplementary Figures 7F, G) and did not alter miR-155 expression in the SA model (Supplementary Figure 7H). These data indicate that PAD4 is downstream of miR-155 with a limited function in dsDNA releases, and miR-155 has a broader impact on asthma phenotypes along with regulating ETosis.



Intranasal instillation of deoxyribonuclease reduces airway eosinophils but has no effect on airway inflammation in a mouse model of severe asthma

We also tested the potential impact of naked dsDNA on asthma phenotypes with deoxyribonuclease (DNase) I treatment (200 U, i.n., three times) (Supplementary Figure 8A). DNase I treatment modestly decreased BAL eosinophils in the SA model, whereas BAL neutrophils remained unchanged (Supplementary Figures 8A, B). DNase I had a similar partial decrease in airway mucus cell metaplasia and decreased IL-13 and muc5a/c in the lung, suggesting that DNase I did not affect neutrophil response to allergen challenge (Supplementary Figures 8C, D).




Discussion

Asthma is a consequence of complex gene–environment interactions, with heterogeneity in clinical presentation (54). Based on the development of relevant biological therapies, type 2-high is the most well-defined endotype of asthma (55). The more severe form of asthma, the mixed granulocytic phenotype, has few endotype-specific therapeutic options, and therefore, further study of its underlying mechanisms is needed. The severe asthma endotype with airway eosinophils and neutrophils is associated with asthma exacerbations and is resistant to inhaled and systemic corticosteroids. To address this important clinically relevant issue, we developed a severe asthma mouse model that recapitulates the immune response that has been identified in the airways of patients with mixed granulocytic asthma. Abundant neutrophils infiltrate the lung, and mixed neutrophilic/eosinophilic inflammation was greatly increased in our severe asthma mouse model, which is consistent with the literature (5, 7, 21, 22). Our data indicate that ETosis is involved directly and indirectly in regulating neutrophil and eosinophil accumulation, which have a pathophysiological role in promoting excessive inflammation and tissue damage. We identified a marked increase in lung eosinophils/neutrophils and extracellular dsDNA in animals exposed to allergens with c-di-GMP. We also discovered that short non-coding miR-155 acts as an early regulator of the release of host dsDNA and ETosis in severe asthma. The severity of the disease is reduced in miR-155-deficient mice compared to their WT counterparts. The neutrophil influx in BAL was decreased in miR-155 inhibitor/exosome-treated severe asthma mice. There was a significantly reduced BALF dsDNA in PAD4 deficient; however, the infiltration of lung immune cells was not decreased. DNase I instillation decreased the intensity of airway inflammation but did not impact miR-155-derived neutrophilia. Together, these findings indicate that miR-155 promotes the release of host dsDNA that contributes to airway damage and mixed granulocytic inflammation.

Outside of the original observation of ETs antimicrobial activity, recent studies have described an assortment of ET-associated immunologic processes and pathologies. ETs contain histones and granular proteins such as NE and MPO. Soluble ET components prime other immune cells to induce sterile inflammation or immune cell recruitment. The released extracellular DNA acts as a danger signal and triggers cytokine production for additional immune response (24). A novel perspective has emerged in light of recent reports, which showed that ETs are generated by both eosinophils and neutrophils in human atopic asthmatic airways (25, 26). Patients with mixed neutrophils and eosinophils in their lungs have more severe airflow obstruction and a higher frequency of exacerbations and are resistant to treatment with corticosteroids (15). Both neutrophils and eosinophils undergo ETosis to promote inflammation and tissue damage in response to many pathogens and pro-inflammatory stimuli. Therefore, key aspects of ETs in the immune response are sufficient to recapitulate many features of asthma pathophysiology. In this study, we focused on the role of ETs in regulating asthmatic airway inflammation directly or indirectly by modulating other immune cell recruitments. Our severe asthma mouse results unequivocally indicate that there is a substantial level of biologically active ETs present in the airways of asthmatics with neutrophil/eosinophil-enriched inflammatory response. It is important to note that increased ETosis associated with mild asthma as well, suggesting that an imbalance of ET formation in the lung may also contribute to enhanced Th2 response in asthma pathogenesis.

MicroRNAs are dynamic post-transcriptional regulators of gene networks. Profiling studies of miRNAs in human biopsy specimens and mouse models of asthma showed differential expression in ~10%–20% of miRNAs (56). MiR-155 is one of the first identified and most studied miRNAs up to date. It is thought to play a role in the functioning of the human immune system (57, 58). MiR-155 is essential for Th2-mediated eosinophilic inflammation through the transcription factor PU.1 (59). Additionally, ILC2 and IL-33 signaling are regulated by miR-155 in Th2 eosinophilic allergic airway inflammation (42). Thus, miR-155 is of considerable interest for understanding immune regulation in allergic asthma conditions. Herein, we showed that host dsDNA release from ETosis in mixed neutrophilic and eosinophilic asthma phenotypes is dependent on miR-155 expression levels. Many neutrophils infiltrated into the lungs, and increased NE productions were significantly reduced in the miR-155KO mice compared to the WT mice. We made the novel observation that the miR-155KO mice were unable to induce both neutrophil and eosinophil influx in the lung in response to severe asthma conditions, which suggests another role for miR-155 in neutrophilic inflammation in severe asthma. MiR-155-deficient mice also showed decreased PAD4 expression levels as compared to the WT mice, which is consistent with the results of in vitro study (60). Our data confirm previous in vitro data indicating that after stimulation, activation of PAD4 occurs but is regulated by miR-155 in exaggerated ETs generation. These observations predict that miR-155 functions as a positive regulator of ETosis via regulation of PAD4 gene expression. We first asked if myeloid-specific miR-155 deficiency is sufficient to recapitulate the phenotype observed in global miR-155 knockout mice, as well as to gauge the effectiveness of inhibitor delivery to rescue the phenotype. However, we show that myeloid-specific deletion of miR-155 in miR-155fl/flLysMCre mice leads to a reduction of BALF dsDNA without affecting macrophage, neutrophil, or eosinophil numbers in a model of severe asthma. This might explain the myeloid lineage in miR-155fl/flLysMCre mice with residual miR-155 in the lungs since in a model of severe asthma, inflammatory cell influx is completely blunted in whole-body miR-155KO mice. Future studies should identify the role of myeloid miR-155 and their associated phenotypes in neutrophilic severe asthma in the lung.

Various clinical trials using miRNA mimetics or anti-miRNAs as therapeutic targets are currently underway and show promising results (61). Our therapeutic approach involving a miR-155 inhibitor has informed the concept to deliver small RNA molecules using serum-derived exosomes into the lung in vivo. An exosome-based drug delivery system has recently attracted increasing attention (36). Notably, exosome-mediated drug delivery has the following advantages in comparison with other approaches, such as nanoparticles, liposomes, and viruses. Nanoparticles and liposomes delivered into the lung via the i.t. route usually forms aggregate (35). Exosomes are potentially less toxic and less immunogenic compared with exogenous delivery vehicles (62). They also have been shown to be a mode of transport across the blood–brain barrier (63). However, the delivery of exosome-based therapeutics to the lungs via i.n. or i.t. remains unexplored. Our results indicate that the exosome-loaded miR-155 inhibitor is successfully delivered via i.n. instillation and exerted functions in lungs in vivo. Nonetheless, the correct timing of miR-155 inhibition is critical to be functional in the lungs while limiting inflammatory cell influx and tissue damages. A partial targeting miR-155 after severe asthma onset did not produce salutary effects on reducing BALF dsDNA and lung injury.

In the model tested herein, we used DNase I and PAD4 inhibitors to assess the functional importance of ETs in severe allergic asthma. None of these approaches are fully specified for suppression of the heightened Th2/Th17 response. It is important to note that the biological activity of the inhibitors may not be optimal in the lung tissue and could be influenced by factors that are inherent to the experimental models used (64). Treatment with DNase I and PAD4 inhibitor reduced dsDNA release in BALF; however, it had the same global outcome on the development of severe asthma compared to vehicle severe asthma mice, suggesting that ETs could mediate the onset of severe asthmatic airway inflammation in the models tested here.

Single-cell profiling of lung immune cells and identification of molecular pathways in asthma pathogenesis are critical fields of interest in asthma research. This also provides a vital information resource for the immune cellular network in the lung during an asthma exacerbation. Here, our results provide data-driven different transcriptional profiles present in the immune cells of the lung at the single-cell level that contribute to the pathogenesis of asthma and decode the network by using gene set enrichment analysis. In our established severe asthma mouse model, we identified 27 major cell clusters by using SingleR. While numerous immune cells are present in the lungs of severe asthma mice, eosinophils, T lymphocytes, neutrophils, and macrophages are the most abundant cells, whose levels are consistent across different phenotypes of asthma. The profile of the identified cell clusters in miR-155-deficient and WT mice in the presence of c-di-GMP with DRA challenge was not altered, although miR-155KO suppressed c-di-GMP/DRA-induced increased levels of eosinophils and neutrophils. Detailed analysis revealed distinct transcriptional modulation in heightened Th2/Th17 response when compared in mice lacking miR-155. Inflammatory factors and innate/adaptive immune responses are essential in driving the development and exacerbation of asthma. We were able to find the expression of multiple key factors of persistent inflammation, adaptive immune response, and ETosis pathway in our experimental model. These factors critically regulate exaggerated inflammatory responses, inducing asthma exacerbation (10). The pathway analysis supports that miR-155 influences ETosis, at least in part, through significant modulation of neutrophil, eosinophil, and macrophage responses. ET-derived DNA and granule proteins from these myeloid linage cells are key components in driving the pathogenesis of asthma exacerbation in this model. It has become clear that uncontrolled ET formation or their insufficient removal can have serious consequences; however, ET formation pathway is still under investigation.

There are several limitations of this study, which might serve as directions for future studies. Excessive release of a serine protease NE can damage surrounding tissues and contribute to lung dysfunction (65). Neutrophils are the dominant cellular source of NE, but it is also produced by macrophages (66–68). Our group has reported that a majority of the resident cells in the human BALF from our SBP-AG protocol were CD163-positive AMs (30). In the allergen-challenged experimental site, the newly recruited eosinophils appeared to have co-existed with recruited monocyte-derived AMs (but not neutrophils) (69). We reported that the newly recruited macrophage population in the airway is a very different phenotype from these resident macrophages. Remarkably, elevated NE was observed in BALF obtained from human subjects with asthma after SBP-AG protocol without any neutrophil influx. This phenomenon was speculated to occur due to increased innate immune cells (i.e., monocyte-derived AMs) in a mild intermittent allergic asthma model. Further work is required to address the precise role of macrophage-derived NE in allergic lung inflammation. Second, our experiments using mice treated with PAD4 inhibitor and DNase I did not fully reveal miR-155 regulation pathways. Independent evaluation of miR-155 regulation pathways including the PAD4 axis in the global outcome of the development of severe asthma is further needed. Next, although we found that miR-155fl/flLysMCre mice had reduction of BALF dsDNA, the role of myeloid miR-155 and their associated phenotypes in neutrophilic severe asthma in the lung needs to be further studied. Besides, our next study should address how miR-155 modulates cellular function in specific cell subsets in both innate and adaptive immune responses by scRNA-seq in the future.

In summary, ETosis and associated host dsDNA are cardinal features of mixed granulocytic inflammation in severe asthma. Our data indicate that short non-coding miR-155 contributes to the release of extracellular dsDNA, which exacerbates many features of allergic inflammation. We developed a novel therapeutic tool using serum-derived exosomes as oligonucleotide delivery vehicles, leading to the control of the release of ETs in vivo. Our single-cell transcriptional analysis of mouse lung immune cells provides an insightful framework for understanding the distinct expression patterns of ET-related genes at the individual cell level. These findings provide pre-clinical evidence that targeting host dsDNA release represents an attractive therapeutic approach for mitigating the inflammatory asthma features for mixed granulocytic severe asthma patients.
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Neutrophils are the most abundant leukocytes in human peripheral blood. They form the first line of defense against invading foreign pathogens and might play a crucial role in malaria. According to World Health Organization (WHO), malaria is a globally significant disease caused by protozoan parasites from the Plasmodium genus, and it’s responsible for 627,000 deaths in 2020. Neutrophils participate in the defense response against the malaria parasite via phagocytosis and reactive oxygen species (ROS) production. Neutrophils might also be involved in the pathogenesis of malaria by the release of toxic granules and the release of neutrophil extracellular traps (NETs). Intriguingly, malaria parasites inhibit the anti-microbial function of neutrophils, thus making malaria patients more susceptible to secondary opportunistic Salmonella infections. In this review, we will provide a summary of the role of neutrophils during malaria infection, some contradicting mouse model neutrophil data and neutrophil-related mechanisms involved in malaria patients’ susceptibility to bacterial infection.
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Introduction

According to the WHO, malaria is a globally significant disease caused by protozoan parasites from the Plasmodium genus. There are five species of the protozoan genus Plasmodium known to infect humans: P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi, of which P. falciparum is responsible for most cases of severe malaria and death (1). The parasites caused over 241 million clinical cases and 627,000 deaths in 2020; this represents about 14 million more cases in 2020 compared to 2019 and 69 000 more deaths. Sub-Saharan Africa continues to carry the heaviest malaria burden, accounting for about 95% of all malaria cases and 96% of all deaths in 2020 (2). There are three clinical presentations of malaria identified: severe or complicated, mild or uncomplicated (3) and asymptomatic (4). The host immune response to malaria infection varies depending on factors. Factors like the genetic make-up of parasite proteins, co-infections, host genetics, host ethnic background, and geographical locations (5, 6). The response starts with physical barriers, progresses to an innate immune response, and leads to more adaptive responses.


Brief overview of the Plasmodium life cycle

The malaria parasites have a complex life cycle requiring a human and mosquito host (7). During the blood meal of the female Anopheles mosquito, sporozoites are transmitted into the human hosts (8). The pre-erythrocytic developmental stage is initiated when the released sporozoites migrate to the host liver. In the liver, the released sporozoites infect the hepatocytes (liver cells) in a process known as the liver stage. Within the hepatocytes the parasites grow and replicate as hepatic schizonts over a period of 10–12 days after which they are released as merozoites. The blood stage of the parasite starts when the merozoites rapidly invades the red blood cells (RBCs) in the bloodstream. During the blood stage, the merozoites replicates to produce more daughter parasites which are then released from the host cell upon parasite egress and subsequently re-invade RBCs to start a new asexual replication cycle (9). A small proportion of the malaria parasites will eventually differentiate into gametocytes to begin the sexual cycle which are subsequently taken up by mosquitos during the next blood meal (10).



Neutrophil functions

Neutrophils are the most abundant white blood cell accounting for up to 70% of all blood leukocytes (11). They are also known as polymorphonuclear cells (PMNs) and are terminally differentiated leukocytes. Neutrophils are professional phagocytes, which use receptor mediated phagocytosis to internalize pathogens into phagolysosomes (12). Cytoplasmic granules include cathepsins, elastases, and myeloperoxidases that fuse with the phagolysosome to digest phagocytosed pathogens, in a process known as degranulation (12). Release of reactive oxygen species (ROS), produced via an NADPH oxidase-dependent process is a crucial bactericidal mechanism. Neutrophils can also kill extracellular pathogens by degranulation, secretion of ROS, or the release of neutrophil extracellular traps (NETs). NETs is the release of decondensed chromatin laced with granular proteins and histones to prevent the spread of pathogens (13).

Neutrophils are crucial for the body’s innate immune response (14, 15) and are involved in various disease processes, including pathogen infection (16), pulmonary diseases (17), cardiovascular diseases (18), inflammatory disorders (19) and cancer (20). They are challenging to study because they are short-lived effector cells of the innate immune system. Upon sensing infection, neutrophils are the first cells to migrate to the infection site (21). At the affected tissues, neutrophils use multiple antimicrobial functions such as engulfing foreign matter for internal digestion, reactive oxygen species (ROS) production and releasing NETs. The immune system plays a vital role in controlling the parasite’s growth (22). Clinical data has shown that the number of circulating neutrophils is high in patients with acute uncomplicated malaria (23), in contrast to circulating lymphocytes, which decrease during P. falciparum infections. During Plasmodium infection, parasites components and cytokines are produced and might activate circulating neutrophils. Activated neutrophils are equipped with several weapons to mount an immune defense against the parasite. While on the other hand, these neutrophil weapons might also be involved in the pathogenesis of severe malaria, though the underlying mechanism is still unclear.

During malaria infection, the immune system is overwhelmed resulting in immune suppression thereby making malaria patients to be at risk of developing secondary infections. One well-documented risk factor for invasive bacterial infection is Plasmodium falciparum malaria (24, 25). In Sub-Saharan Africa countries, bacterial infection in children is highly associated with malaria infection (26–28). In this review, we assess the literature examining the role of neutrophils during malaria infection and the neutrophil related mechanism involved in malaria patients’ susceptibility to bacterial infection.




The role of neutrophils in response to Plasmodium parasite

One of the ways by which neutrophil play a role in the clearance of malaria parasites is by phagocytosis. Neutrophils express immunoglobulin (Ig) binding receptors Fcγ receptors and complement receptor 1 (CR1) and complement receptor 3 (CR3) (29). Phagocytosis of the released sporozoites during malaria infection are facilitated by the FcγR-receptors and by the presence of antibodies against the circum-sporozoite protein, one of the main surface antigens on sporozoites (30). Phagocytosis of parasite infected red blood cells (iRBC) in vivo has been observed in children with malaria (31) and in bone marrow aspirates which show neutrophils with internalized merozoites and trophozoites (32). The interaction between neutrophils and iRBCs is mediated by PfEMP1 on the iRBC surface and ICAM-1 expressed on neutrophils (33).

Neutrophil phagocytosis of free merozoites could be in an antibody dependent manner or via a complement mediated opsonization manner (23, 34) and can be enhanced in the presence of immune sera or when cytokines such as interferon gamma and tumor necrosis factor was added (35, 36). Recently, it was demonstrated that at high antibody levels, neutrophils are more effective via the action of FcγRIIA and FcγRIIIB (37). This may suggest that neutrophils are responsible for the phagocytosis of parasites in immune patients. In addition, neutrophil uptake of serum opsonized merozoites has been demonstrated in vitro and ex vivo (38). In contrast to complement dependent merozoites phagocytosis, phagocytosis of iRBC in neutrophil is largely dependent on the presence of IgG (39). Neutrophils phagocytose gametes in vitro in conditions similar to those of the mosquito gut when immune sera is present especially IgG (40). However, ex vivo evidence of the specific role of neutrophil phagocytosis of intra erythrocytic gametes in human is still lacking.

Neutrophils can clear pathogens by producing ROS by converting oxygen to superoxide via nicotinamide adenine dinucleotide phosphate oxidase (NADPH) oxidase (NOX). This superoxide is converted into hydrogen peroxide (H2O2) and hydroxyl radicals (-OH), collectively known as ROS (41). Neutrophils may also be involved in the control of parasite growth through antibody-dependent respiratory burst (ADRB) (35). Neutrophils isolated from malaria patients have been shown to exhibit higher ADRB activity in vitro and promote parasite clearance by inhibiting parasite growth (42). ROS related parasite inhibition occurs during the parasite intra-erythrocytic development stage (43) rather than during the merozoite stage. This was further demonstrated by Dasari et al. that ROS production from stimulated neutrophils does not inhibit merozoite growth in vitro (34). Though the mechanism underlying the observed impaired ROS production in neutrophils during malaria is unclear but released hemozoins (23) and digestive vacuoles (DV) (34) from iRBC have been suggested to be responsible.


Evidence of NETs in Malaria

Neutrophil extracellular trap (NET) formation is an essential innate strategy for immobilizing and killing foreign pathogens by neutrophils. It occurs when activated neutrophils degranulate and release their antimicrobial factors into the extracellular environment. Several factors might induce NET formation during Plasmodium infections such as crystal uric acid is a potent inducer of NETosis (44) (Plasmodium cannot synthesize purines and imports hypoxanthine as a purine source (45). Upon erythrocyte rupture and release, xanthine dehydrogenase, which is normally present in the blood (46) will efficiently degrade it into uric acid and are released into circulation during malaria. Plasmodium-infected erythrocytes accumulate hypoxanthine, a precursor for uric acid), pro-inflammatory cytokines like TNF and IL8 increase during Plasmodium infections (47), H2O2 is secreted by immune cells stimulated by the malaria parasite and Plasmodium antigens induce NETosis in vitro (48). NETs may contribute to the host defense against sporozoites and merozoites (35). Studies have shown that in the peripheral blood of children with complicated and uncomplicated P. falciparum infections, NETs like structures are present (49, 50). The release of NETs might play a crucial role in controlling parasite dissemination, but on the other hand, it may also contribute to the development of severe complications. Few studies have reported the possible role of NETs in controlling parasite growth during malaria. For example, Kho and colleagues reported that NET formation was inversely associated with parasitemia levels in patients with asymptomatic malaria (51). Another study by Rodrigues et al. showed that Pulmozyme (active molecule: DNase 1) treatment to inhibit NETosis resulted in increased parasitemia levels in P. berghei infected mice and subsequently decreased survival rate (49). However, the group also reported that the same observation was not recorded when P. chabaudi-infected mice were treated with Pulmozyme. Interestingly, Plasmodium parasites express TatD-like DNases to cleave NETs. In vivo mouse data have shown that treatment of mice with recombinant TatD resulted in low parasitemia and ultimately increased survival rate (52). Knackstedt et al. demonstrated that NETs might be driving inflammatory pathogenesis in malaria (53). However, evidences that NETs released in response to malaria parasite and proof that NETs are present in tissues is still debatable. For example, Feintuch and colleagues reported that brain tissue sections from children with fatal cerebral malaria (CM) and associated retinopathy were stained with NET markers, neutrophil elastase, and citrullinated histones, with no evidence of NETs was observed (54). In contrast, a recent study by Knackstedt et al. examined and analyzed retinal tissue from fatal pediatric cases who had died of cerebral malaria. The authors showed the image of NETs by colocalizing citrullinated histone H3, elastase, and DAPI (53).




The role of neutrophils in the pathogenesis of malaria

Neutrophils may also contribute to the pathophysiology of malaria complications. Studies have associated high number of neutrophils with severe malaria cases (51, 53). The association between plasma levels of MPO, lysozyme and neutrophil lipocalin and malaria severity has been reported by several studies (35, 51, 53). In patients with severe malaria, neutrophil granule proteins such as neutrophil elastase and defensin have been observed to be increased compared to uncomplicated malaria patients (55). Another study also reported that during CM, neutrophil proteins in plasma are associated with CM and may contribute to CM pathology (endothelium damage via neutrophil elastase) (56) (Figure 1). Another indication for neutrophil activation is the release of matrix metalloproteinase (MMP)-8 and 9. For example, increased levels of plasma protein MMP-8 was reported in malaria patient, but no significant difference between uncomplicated and severe malaria. Furthermore, in Sub Saharan African children with CM, immunohistochemical staining revealed the presence of MMP-8 in the retina tissue accompanied with oedema, thus suggesting the role of MMP-8 in vascular endothelial barrier disruption (57). In addition, in vivo data further demonstrated that knocking out MMP-9 had no significant effect on CM development and survival in mice (58). Chemokines such as CXCLI and CXCL8 are known neutrophil chemoattractants, were at an increased level in the plasma of severe malaria patients (59). Furthermore, studies have associated a link between hemozoin laden neutrophils and disease severity has been reported in several malaria patients (60–62). In conclusion, these studies suggest a link between neutrophil activation and malaria severity.




Figure 1 | Roles of neutrophils in defense and pathology of malaria. Neutrophils play crucial roles in the immune defense against malaria, through parasite clearance via neutrophil phenotypic functions such as phagocytosis, reactive oxygen species (ROS) production and NETs release. On the other hand, neutrophils might play a role in the development of malaria complications, and haemozoin-containing neutrophils are associated with malaria severity. In addition, the release of toxic granules, such as myeloperoxidase (MPO), neutrophil elastase (NE) and matrix metalloproteinase-8 (MMP-8), causes endothelial cell damage via apoptosis. Finally, the release of NETs may aggravate complications during malaria infection.




Murine malaria model to understand the role of neutrophils in malaria pathogenesis

Animal models have been used to study the role of neutrophils in malaria complications including lung injury, CM and liver injury (17, 63, 64). Murine models have demonstrated the association of accumulated neutrophils in the lungs with lung injury. Murine models of CM have demonstrated that neutrophils express cytokines such as IL2, IL12, IL18, IFNγ, and TNF and chemoattractive-chemokines (65) suggesting a role for neutrophils in cytokine and chemokine secretion during CM. Nacer and colleagues reported that neutrophils in murine CM are detected in the vasculature (66) and their depletion prevented CM development (67). Using chimeric mice, Ioannidis and colleagues identified neutrophils as the main cellular sources of CXCL10, a CXCR3 binding chemokine which is essential for the attraction of pathogenic CD8+ T cells to the brain in murine CM (68). In addition, studies revealed that circulating levels of CXCL10 is the most accurate predictor of CM mortality (69) (70) and its neutralization with specific mAbs, significantly prevents brain intravascular inflammation and protects infected animals from CM by reducing peripheral parasitemia level (71–73).



Murine malaria models: Neutrophil contradicting data

Murine models have over the years played a valuable role in understanding the role of neutrophils in malaria (Table 1) however, there are contradicting data on the role of neutrophils using the mouse model, and as such, neutrophils’ role in malaria is still unclear. For example, Schumak et al. (74) suggested that the number of circulating neutrophils in the blood and brain increased in P. berghei ANKA infected mice, while in contrast, Pai et al. reported no increase in the number of circulating neutrophils in the brain (79) though the experimental approach to count neutrophils were different in the two studies. In Schumak study, brain tissue was fixed in buffered formalin and quantification of neutrophils in tissue sections was performed in 10 high power fields (HPF). While in Pai study, neutrophils were quantified in real time using 2-photon intravital microscopy. Another contradiction is the link between neutrophil depletion and survival rate in murine CM model. For example, some in vivo studies demonstrated that depletion of neutrophils using anti-CD11a resulted in an increased survival rate and slowed down the rate of CM development (67, 80) (Table 1). In these studies, depletion of neutrophils was done using anti-CD11A or anti-GR1 before parasite infection, which depleted neutrophils and other leukocytes. In contrast, when anti-GR1 was administered late during the infection, the authors still observed CM development in their model except for a study by Senaldi and colleague (76). In contrast, another study showed that when specific anti-Ly6G antibody was used for neutrophil depletion, no CM development was observed (74) (Table 1). Interestingly, neutrophil released CXCL10 is known to recruit pathogenic CD8+ T cells to the brain in murine CM (68). The indirect effect on CD8+ T cells in the murine CM by the anti-GR1 antibody might explain the contradicting data. Therefore, there is a need for more in depth studies to elucidate whether neutrophils count plays a role in the development of CM.


Table 1 | Showing studies on neutrophil in murine malaria.






Malaria co-infection with bacteria: Any neutrophil link?

Salmonella co-infection is a common bacterial infection, and it remains a global health concern. One well-documented risk factor for Salmonella is Plasmodium falciparum malaria (25). It’s often a lethal complication of P. falciparum infection in Sub-Saharan Africa. In Gambia, the incidence of invasive NTS infection mirrors that of malaria, and about 43% of children with Salmonella bacteremia had concurrent P. falciparum infections (81). In Tanzania, invasive NTS in young children is highly associated with recent malaria infection (26). Interestingly evidence from co-infection models supports this idea (Table 2). For example, a study by Cunnington and colleagues demonstrated that prior infection of mice with non-lethal P. yoelii resulted in decreased survival of S. typhimurium in the mice. Though the authors suggested that the decrease in the survival rate of the mice was a result of impaired ROS production in neutrophils (85), the mechanism underlying the neutrophil-associated immune suppression remains unclear.


Table 2 | Showing studies on malaria and salmonella co-infection.




Underlying mechanisms of neutrophil associated immune suppression during malaria

During malaria infection, the parasite continuously breaks down RBCs followed by eryptosis of many uninfected RBCs (87). The direct destruction of RBC leads to the release of hemoglobin, or its breakdown product heme, into the plasma. Free heme is prooxidant and highly cytotoxic, contributing to endothelial injury (88). Intracellular heme is then degraded into equimolar amounts of iron, carbon monoxide, and biliverdin through the action of heme oxygenase (HO). Significantly, plasma heme is raised during both acute (89) and subclinical (90) P. falciparum malaria infections in humans and during acute P. yoelii infection in mice (85) https://jlb.onlinelibrary.wiley.com/doi/full/10.1002/JLB.3RI1018-400R - jlb10293-bib-0063. Studies have shown that hemolysis might be responsible for inhibiting neutrophil functions during malaria. For example, Cunnington and colleagues using a malaria mouse model demonstrated that neutrophils from malaria-infected mice could phagocytose S. typhimurium; however, their ability to kill was impaired.

The authors further reported that the phagocytosed bacteria remained viable and replicated within the phagosome due to deficient ROS production (85). In another study, neutrophils from children with acute malaria were observed to exhibit impaired ROS production. The authors recorded that the dysfunctional ROS production persists for up to 8 weeks after drug treatment (89). The authors suggested that this might explain why children with acute malaria remain susceptible to secondary bacterial infection (27). Several studies have shown that during malaria infection, the migration of neutrophils into the infected tissues, including blood (85), intestine (82), and liver (84) is impaired. Neutrophils precursors of Plasmodium-infected mice have been shown to express heme oxygenase-1(HO-1) (85), which has been reported to reduce neutrophil migration into the inflamed lung (91), thus suggesting an association between HO-1 and neutrophil migration.

During the parasite life cycle in the RBC, the malaria parasite feeds on the hemoglobin and packages the waste product hemozoin in an organelle designated the digestive vacuole (DV) (92). Large numbers of DVs are released into blood circulation during severe malaria infection. Some reports have implicated the role of DVs in suppressing the host immune system via the inhibition of neutrophil functions. For example, a study by Dasari and colleagues demonstrated that phagocytosed DVs induce oxidative burst in human neutrophils. However, the capacity to generate a subsequent ROS response to kill phagocytose bacteria was impaired (34). Thus, the anti-microbicidal activity was compromised. They suggested that DV might explain the risk of developing bacterial sepsis in patients with severe malaria. However, much more work is needed to fully characterize the content of these DVs and their effect on neutrophil migration during malaria infection.




Future direction and conclusion

Neutrophils in malaria remain understudied and they play a double-edge sword role in malaria. During malaria infection, neutrophils may be involved in defense mechanisms against parasites via phagocytosis and ROS production. On the other hand, neutrophils might also be involved in the pathogenesis of severe malaria via NETs and toxic granule proteins release. Therefore, more research studies are required to understand the specific roles of neutrophils in malaria.

During malaria, small extracellular vesicles (EVs) are secreted by Plasmodium infected RBC (iRBCs). EVs contribute to the immune regulation by transferring cargoes including RNAs from the iRBCs to immune cells, resulting in immune suppression or immune activation depending on the cellular context. Currently, it’s not clear if these EVs are involved in the observed immune suppression via the modulation of neutrophil functions in malaria patients. It will be interesting to know if EVs can deliver their biological cargoes to neutrophils which in turn maybe responsible for the observed immune suppression.

There seems to be a lot of contradicting neutrophil data using both in vitro and in vivo malaria models. We suggest that a novel ex vivo microfluidic platform, modelling the in vivo malaria infection microenvironment, will allow studying the interaction of neutrophils and malaria at single cell resolution and in real time. Such platform should allow the investigation of neutrophil migration, NETs release and parasite killing during neutrophil-parasite interaction.
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Footnotes

1Abbreviations: i.p., Intraperitoneal; i.v., Intravenously; p.i, Post infection; i.m., Intramuscularly

2Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase.

3Abbreviation: CFU, Colony Forming Unit.
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Galectin-3 inhibitor GB0139 protects against acute lung injury by inhibiting neutrophil recruitment and activation
Duncan C. Humphries1,2, Ross Mills1, Cecilia Boz1, Brian J. McHugh1, Nikhil Hirani1, Adriano G. Rossi1, Anders Pedersen3, Hans T. Schambye3, Robert J. Slack4, Hakon Leffler5, Ulf J. Nilsson6, Wei Wang7, Tariq Sethi3,7 and Alison C. Mackinnon1,2*
1Centre for Inflammation Research, University of Edinburgh, Edinburgh, United Kingdom
2Galecto Inc. Nine Edinburgh BioQuarter, Edinburgh, United Kingdom
3Galecto Inc, Copenhagen, Denmark
4Galecto Inc, Stevenage, United Kingdom
5Department of Laboratory Medicine, Lund University, Lund, Sweden
6Department of Chemistry, Lund University, Lund, Sweden
7Department of Asthma, Allergy and Respiratory Science, King’s College London, Guy’s Hospital, London, United Kingdom
Edited by:
Galina Sud’ina, Lomonosov Moscow State University, Russia
Reviewed by:
Sachiko Sato, Laval University, Canada
Jerka Dumić, Faculty of Pharmacy and Biochemistry, University of Zagreb, Croatia
* Correspondence: Alison C. Mackinnon, AM@Galecto.com
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 20 May 2022
Accepted: 30 June 2022
Published: 08 August 2022
Citation: Humphries DC, Mills R, Boz C, McHugh BJ, Hirani N, Rossi AG, Pedersen A, Schambye HT, Slack RJ, Leffler H, Nilsson UJ, Wang W, Sethi T and Mackinnon AC (2022) Galectin-3 inhibitor GB0139 protects against acute lung injury by inhibiting neutrophil recruitment and activation. Front. Pharmacol. 13:949264. doi: 10.3389/fphar.2022.949264

Rationale: Galectin-3 (Gal-3) drives fibrosis during chronic lung injury, however, its role in acute lung injury (ALI) remains unknown. Effective pharmacological therapies available for ALI are limited; identifying novel concepts in treatment is essential. GB0139 is a Gal-3 inhibitor currently under clinical investigation for the treatment of idiopathic pulmonary fibrosis. We investigate the role of Gal-3 in ALI and evaluate whether its inhibition with GB0139 offers a protective role. The effect of GB0139 on ALI was explored in vivo and in vitro.
Methods: The pharmacokinetic profile of intra-tracheal (i.t.) GB0139 was investigated in C57BL/6 mice to support the daily dosing regimen. GB0139 (1–30 µg) was then assessed following acute i.t. lipopolysaccharide (LPS) and bleomycin administration. Histology, broncho-alveolar lavage fluid (BALf) analysis, and flow cytometric analysis of lung digests and BALf were performed. The impact of GB0139 on cell activation and apoptosis was determined in vitro using neutrophils and THP-1, A549 and Jurkat E6 cell lines.
Results: GB0139 decreased inflammation severity via a reduction in neutrophil and macrophage recruitment and neutrophil activation. GB0139 reduced LPS-mediated increases in interleukin (IL)-6, tumor necrosis factor alpha (TNFα) and macrophage inflammatory protein-1-alpha. In vitro, GB0139 inhibited Gal-3-induced neutrophil activation, monocyte IL-8 secretion, T cell apoptosis and the upregulation of pro-inflammatory genes encoding for IL-8, TNFα, IL-6 in alveolar epithelial cells in response to mechanical stretch.
Conclusion: These data indicate that Gal-3 adopts a pro-inflammatory role following the early stages of lung injury and supports the development of GB0139, as a potential treatment approach in ALI.
Keywords: galectin-3, acute lung injury, neutrophiils, cytokine, LPS
INTRODUCTION
Galectin-3 (Gal-3) is a pro-fibrotic, mammalian ß-galactoside binding lectin, which is highly upregulated in the injured lung (MacKinnon et al., 2012). Gal-3 is elevated in the plasma and broncho-alveolar lavage fluid (BALf) of patients with idiopathic pulmonary fibrosis (IPF) (Nishi et al., 2007; MacKinnon et al., 2012), and is further upregulated in the plasma of patients undergoing an acute exacerbation of IPF (AE-IPF) (MacKinnon et al., 2012). Furthermore, in a cohort of 2025 patients from the Framingham Heart study, elevated plasma Gal-3 was associated with restrictive lung disease, decreased lung volumes and altered gas exchange (Ho et al., 2016), suggesting a potential role for Gal-3 in the early stages of pulmonary fibrosis.
Preclinical data supports the role of Gal-3 as an important regulator of lung fibrosis; global deletion of Gal-3 in mice was shown to reduce bleomycin-induced fibrosis compared to wild-type mice (MacKinnon et al., 2012). In vitro findings also suggest a role for Gal-3 in fibrogenesis as Gal-3 stimulates migration and collagen synthesis in fibroblasts (Nishi et al., 2007), and promotes alternative, pro-fibrotic, macrophage activation (MacKinnon et al., 2008). Gal-3 is also a key regulator in the induction of epithelial to mesenchymal transition (EMT) in lung epithelial cells (MacKinnon et al., 2012), and has a role in neutrophil activation and neutrophil apoptosis (Yamaoka et al., 1995; Kuwabara and Liu, 1996; Almkvist and Karlsson, 2002; Farnworth et al., 2008; Sundqvist et al., 2018). In mouse models of inflammation, elevated levels of Gal-3 in exudates correlates with increased neutrophil recruitment to the inflammatory site (Sano et al., 2000); such persistent neutrophil activation and delay of apoptosis could result in an overall exacerbation of tissue injury and failure of resolution.
In lung epithelial cells, Gal-3 activates ERK, AKT and JAK/STAT1 signaling pathways, leading to the release of pro-inflammatory cytokines during influenza and Streptococcus pneumoniae co-infection (Nita-Lazar et al., 2015), and enhances the pathogenic effects of H5N1 avian influenza virus by promoting host inflammatory responses via an interaction with NLRP3 inflammasome in macrophages (Chen et al., 2018). Mice deficient in Gal-3 develop less severe inflammation and interleukin (IL)-1β production than wild-type mice (Chen et al., 2018). In dendritic cells (DC) Gal-3 serves as a pattern-recognition receptor, regulating proinflammatory cytokine production and downregulation of Gal-3 in DCs inhibits expression of IL-6, IL-1β, and IL-23 and subsequent Th17 and Th2 development (Chen et al., 2015).
Currently, no targeted therapies exist for ALI and so treatment is limited to best supportive care. Based on available data, the combined effects of Gal-3 on macrophages, lung epithelial cells and neutrophil function, suggest that the inhibition of Gal-3 may serve as a potential strategy for the treatment of ALI. Recently we showed that conditional myeloid deletion of Gal-3 led to a significant reduction in Gal-3 expression in alveolar macrophages and neutrophils which decreased pulmonary inflammation and neutrophil recruitment into the interstitium (Humphries et al., 2021). GB0139 (formerly TD139), is a novel, inhalable, small molecule Gal-3 inhibitor, which reduces bleomycin-induced fibrosis in mice (MacKinnon et al., 2012; Delaine et al., 2016). In a Phase I/IIa study, GB0139 had a manageable safety profile and demonstrated good target engagement with alveolar macrophages in patients with IPF (Hirani et al., 2021). GB0139 is currently undergoing Phase IIb clinical evaluation for the treatment of IPF (NCT03832946). Here, we investigate the impact of Gal-3 and GB0139, on ALI models in mice, and on neutrophil and epithelial cell activation in vitro.
METHODS AND MATERIALS
In-vivo studies
Animals: 8-week-old male C57BL/6 mice were purchased from Harlan (Harlan Ltd, United Kingdom) and given 1 week to acclimatize prior to experimentation. Mice were maintained in 12-h light/12-h dark cycles with free access to food and water. All experimental animal procedures were approved by the University of Edinburgh and were performed in accordance with Home Office guidelines [Animal (Scientific Procedures) Act 1986].
GB0139 pharmacokinetics
For full details on GB0139 lung and plasma pharmacokinetics following intra-tracheal (i.t.) delivery see online supplement.
Induction of ALI and administration of GB0139
To induce ALI, mice received 10 μg lipopolysaccharide ([LPS] serotype 0127:B8, L4516, Sigma-Aldrich, Missouri, United States) from E. coli, or 33 μg bleomycin (BI3543, Apollo Scientific, United Kingdom), respectively, via i.t. administration. LPS/bleomycin ± GB0139 (in 50 μL 0.9% NaCl), was inserted into the needle via a pipette, and delivered into the lungs with a 2 × 100 μL bolus of air (using a 1 ml syringe). GB0139 was subsequently administered every 24 h until sacrifice.
Bronchoalveolar lavage
BALf was collected as previously described (Dhaliwal et al., 2012).
Histology and immunohistochemistry preparation
For full details of histology and immunohistochemistry preparation, see online supplement. Total inflammation score and fibrosis score were assessed according to protocols (Murao et al., 2003; Hübner et al., 2008). Quantitative analysis of histological and immunohistochemical samples was performed blinded to the investigator.
Total protein
Total protein within BALf was performed using a Pierce BCA Total Protein Assay Kit (23227; ThermoFisher Scientific, Waltham, MA, United States) as per the manufacturer’s instructions.
Flow cytometric analysis of lung digests
Tissue digests and flow cytometry methods were performed according to published methodology (Humphries et al., 2018). See online supplement for further details.
Cytokine analysis
The mouse magnetic luminex assay (LXSAMSM, R&D Systems, Minneapolis, MN, United States) was used according to the manufacturer’s instructions.
Enzyme Linked immunosorbent assay (ELISA)
ELISA kit for the measurement of IL-8 or Gal-3 in BALf samples (DuoSet; R&D Systems) was used according to the manufacturer’s instructions.
Gal-3 synthesis
Gal-3 was synthesized in house. Recombinant human full length Gal-3 was produced in E. Coli BL21 Star (DE3) cells and purified by affinity chromatography on lactosyl-sepharose columns, as previously described (Salomonsson et al., 2010). To remove endotoxin contamination, 1% Triton X114 (X114, Sigma-Aldrich) was added to Gal-3 solution for 30 min (min) at 4°C prior to 10 min incubation at 37°C. After centrifugation at 5000 g for 5 min, the aqueous solution was removed. This process was repeated 3 times. GB0139 (Bis (3-deoxy-3-(3-fluorophenyl-1H-1,2,3-triazol-1-yl)-β-d-galactopyranosyl) sulfane) was provided by Galecto Inc. The purity of GB0139 was >99% as determined by analytical high-performance liquid chromatography.
Cell culture
Cell lines (THP-1, A549 and Jurkat E6 cells) were purchased from the European Collection of Authenticated Cell Cultures and were cultured at 37°C in 5% CO2 (95% air) in Dulbecco’s Modified Eagle’s Medium (A549) or Roswell Park Memorial Institute medium (THP1, Jurkat E6) supplemented with 10% fetal calf serum, 1% l-glutamine, and 1% penicillin/streptomycin.
Monocyte IL-8 secretion
THP-1 monocyte-like cells (ATCC, Middlesex, United Kingdom) were activated with 100 nM phorbol 12-myristate 13-acetace ([PMA] P8139, Sigma-Aldrich) overnight and allowed to adhere. The following day cells were washed x three with phosphate buffered saline (PBS) and treated with Gal-3 ± 10 µM GB0139 for 24 h. Levels of IL-8 within media were quantified using IL-8 ELISA (DY208, R&D Systems).
Isolation of human neutrophils/monocytes
Peripheral human neutrophils and mononuclear cells were isolated from whole blood using Percoll gradients (Dorward et al., 2017). To isolate monocytes, the pan monocyte isolation kit (130-096-537, Miltenyi Biotec, Germany) was used as per the manufacturer’s instructions.
Macrophage RNA analysis
For full details of macrophage polarization and RNA analysis, see online supplement.
Luminol ROS assay
Human peripheral neutrophils were primed with 10 ng/ml tumor necrosis factor alpha ([TNFα] 210-TA, R&D Systems) for 30 min at 37°C prior to addition of GB0139 for a further 10 min. To quantify reactive oxygen species (ROS) release, neutrophils were mixed with Horse Radish Peroxidase (P8375, Sigma-Aldrich)/Luminol (A8511, Sigma-Aldrich) and incubated with 30 μg/ml Gal-3, with luminescence measured using a Synergy plate reader (BioTek, Winooski, VT, United States).
Neutrophil/Jurkat apoptosis
Neutrophils or Jurkat cells were cultured for 20 h in the presence of 10 μg/ml or 20 μg/ml Gal-3, respectively, ± GB0139. Rates of apoptosis were determined using Annexin V (11828681001, Roche, Switzerland)/PI (P4170, Sigma-Aldrich) staining. Samples were assessed using the FACSCalibur flow cytometer (BD Biosciences, United Kingdom) and analyzed using FlowJo software (Tree Start Inc., OR, United States).
Stretch-induced gene changes in human lung epithelial cells in vitro
Human lung epithelial A549 cells were plated in 6-well collagen Bioflex culture plates (Flexcell International Corporation, Germany) ± 10 μg/ml Gal-3 ± 10 µM GB0139. Cyclic mechanical stretch was applied using a Flexcell FX-4000T Tension Plus system (Flexcell International Corporation, Germany) set to deliver 15% elongation at 1 Hz for 4 h. After the stretch procedure, RNA was isolated from the cells and analyzed by quantitative polymerase chain reaction array. For full details of the gene set see online supplement.
Statistics
Data are represented as mean ± the standard error of the mean (SEM). Statistical comparisons were made using two-tailed Students t-test or one-way/two-way analysis of variance (ANOVA) with Bonferroni post-test for multiple comparisons. A p value <0.05 was considered statistically significant (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). All graphs and statistics were performed using the statistical package GraphPad Prism five for Windows (GraphPad Software, CA, United States).
RESULTS
GB0139 pharmacokinetic data support i.t. daily dosing
The pharmacokinetic profile of GB0139 was assessed in naïve mice. GB0139 was retained at high concentrations in the lung for up to 48 h following i.t. dosing of 0.5 mg/kg and 2 mg/kg (Figure 1). This supported daily dosing of 0.3–1 mg/kg (9–30 μg per mouse) to be taken forward into ALI models.
[image: Figure 1]FIGURE 1 | Pharmacokinetic profile of GB0139 in female C57BL/6 mice following i.t. administration. BAL cell and total blood concentrations of GB0139 were determined by LC-MS/MS overtime following single i.t. Administrations of 0.5 mg/kg and 2 mg/kg. Data shown are the mean values of three animals in each time point. BAL = broncho-alveolar lavage; i.t. = intra-tracheal; LC-MS/MS = liquid chromatography-tandem mass spectrometry; LLOQ = lowest level of quantification (1 ng/ml).
GB0139 reduces inflammatory cell recruitment following LPS-induced ALI
LPS administration resulted in significant pulmonary inflammation at 24 h, as seen by alveolar membrane thickening, capillary congestion, intra-alveolar hemorrhage and interstitial and alveolar neutrophil infiltration. Histology inflammation score was significantly reduced in a dose-dependent manner with GB0139 when compared with the LPS treatment only group (Figure 2A−D). No significant differences in vascular permeability were observed, however a trend of increased BALf total protein was seen following LPS, which was partially reduced following GB0139 (Figure 2E). Although absent following PBS, neutrophils were detected within the alveolar space following LPS administration and were reduced with 30 μg GB0139 (Figure 2F).
[image: Figure 2]FIGURE 2 | Histological and BALf analysis following LPS-induced lung inflammation. 10 µg LPS was administered alongside 1, 10 or 30 μg GB0139 i.t. and tissue retrieved 24 h later. Cytokine levels were normalised against total BALf protein. (A–D) Histology inflammation score and representative images of H and E stained lung tissue sections. Arrows indicate areas of pulmonary inflammation (alveolar membrane thickening, capillary congestion and alveolar neutrophil infiltration). Inflammation score was based on the presence of alveolar membrane thickening, capillary congestion, intra-alveolar haemorrhage, interstitial neutrophil infiltration and alveolar neutrophil infiltration. (E) BALf total protein. (F) BALf neutrophil numbers. (G–J) BALf pro-inflammatory cytokine profiles. (K–L) BALf pro-fibrotic cytokine profiles. Data represented as mean ± SEM. Analysed via 1-way ANOVA (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Images taken at ×200 magnification. ANOVA = analysis of variance; BALf = broncho-alveolar lavage fluid; CCL = C-C motif chemokine ligand; E = eosin; G-CSF = granulocyte-colony stimulating factor; H = hematoxylin; h = hours; IL = interleukin; i.t. = intra-tracheal; LPS = lipopolysaccharide; MIP-1α = macrophage inflammatory protein-1-alpha; MMP = matrix metallopeptidase; PBS = phosphate bufferd saline; SEM = standard error of the mean; TNF = tumor necrosis factor.
LPS administration upregulated several pro-inflammatory and pro-fibrotic cytokines within BALf, however administration of 10–30 μg GB0139 significantly reduced TNFα, IL-6, granulocyte-colony stimulating factor, C-C motif chemokine ligand (CCL) 5, macrophage inflammatory protein-1-alpha (MIP-1α), and matrix metallopeptidase 8 (MMP8) in a dose-dependent manner (Figure 2G–L, Supplementary Figure S1A, B).
The reduction of pulmonary inflammation seen with 30 μg GB0139 was associated with a significant decrease in interstitial neutrophil recruitment (identified as CD11b+, LY-6G+) and activation, as seen by a significant reduction in CD11b expression (Figures 3A–C) – for gating strategies see Supplementary Figures S2−4. A significant reduction in interstitial cytotoxic T cells (CD3+, CD8+) was also seen with LPS, which was reversed with 30 μg GB0139 (Figure 3D).
[image: Figure 3]FIGURE 3 | Flow cytometric analysis of whole lung digests following LPS-induced lung inflammation. 10 µg LPS was administered alongside 1, 10 or 30 μg GB0139 i.t. and tissue retrieved 24 h later. (A–C) Interstitial neutrophil numbers and activation parameters (CD62L and CD11b). (D) Interstitial CD8+ cytotoxic T-cell accumulation. (E–F) Alveolar and interstitial macrophage accumulation, and (G) CD80 expression. Data represented as mean ± SEM. Analysed via 1-way ANOVA (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). ANOVA = analysis of variance; h = hours; i.t. = intra-tracheal; LPS = lipopolysaccharide; RFU = relative fluorescence units; SEM = standard error of the mean.
To identify alveolar and interstitial macrophage populations, a flow cytometric staining protocol was used (Misharin et al., 2013). LPS-induced ALI significantly reduced alveolar macrophage numbers whilst increasing inflammatory interstitial macrophage recruitment (measured as both % of total interstitial cells and proportion of total macrophages) (Figures 3E,F). Both effects were partially inhibited with 30 μg GB0139, although the data were not statistically significant. CD80, a marker of inflammatory M1 macrophages, was seen to increase following LPS treatment and was significantly reduced with 30 μg GB0139 (Figure 3G).
Similar results were also seen at the 48 h timepoint, with GB0139 reducing histology inflammation score, pulmonary neutrophil number and activation (Supplementary Figure S5A−C). A significant increase in the proportion of alveolar macrophages alongside a significant reduction in interstitial macrophage recruitment was observed with GB0139 compared with the LPS only group (Supplementary Figure S5D, E). Analysis of the prototypical markers for M1 (CD80) and M2 (CD206) macrophages showed that Gal-3 inhibition was also found to non-significantly reduce CD80 expression on both alveolar and interstitial macrophages, whilst significantly increasing CD206 expression on interstitial macrophages. This suggests Gal-3 inhibition may have an M2-mediated protective role following LPS-induced ALI.
Flow cytometric analysis of BALf (Figures 4A–D) revealed GB0139 treatment did not affect the overall numbers of neutrophils but did reduce neutrophil activation as measured by a increase in neutrophil CD62L and decrease in CD11b expression when compared with LPS-treated mice (Figures 4E,F). Cell surface Gal-3 expression (geometric mean fluorescence intensity measured via flow cytometry) was also decreased by GB0139 and there was a reduction in both recruitment and Gal-3 expression on CD11b+, LY-6G−, inflammatory monocytes in BALf (Figures 4G,H).
[image: Figure 4]FIGURE 4 | Flow cytometric analysis of BALf following LPS-induced lung inflammation. 10 µg LPS was administered alongside 30 μg GB0139 i.t. and tissue retrieved 24 h later. (A–B) Gating strategy to identify CD45+ cells (left panel) and LY-6G+ neutrophils (right panel) in BALf. (C) BALf neutrophil numbers, (D) Gal-3 expression and (E–F) activation parameters (CD62L and CD11b). (G–H) BALf monocytes and Gal-3 expression. Data represented as mean ± SEM. Analysed via 1-way ANOVA (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). ANOVA = analysis of variance; BALf = broncho-alveolar lavage fluid; Gal-3 = galectin-3; h = hours; i.t. = intra-tracheal; LPS = lipopolysaccharide; SEM = standard error of the mean.
Bleomycin-induced acute lung injury
We have previously shown that global genetic deletion of Gal-3 and therapeutic administration of GB0139 reduces chronic inflammation and fibrosis induced by bleomycin (MacKinnon et al., 2012; Delaine et al., 2016). We examined the effect of GB0139 on the acute inflammatory phase following bleomycin injury in mice treated daily with 30 µg GB0139. Following bleomycin-induced injury, significantly lower inflammation scores were observed at day 3 in the GB0139-treated group versus the bleomycin only group (Figures 5A–C). Flow cytometric analysis of lung digests showed that GB0139 significantly reduced Gal-3 expression on interstitial neutrophils and macrophages and reduced interstitial neutrophil accumulation following bleomycin (Figures 5D–F). GB0139 reduced neutrophil activation as determined by an increase in CD62L expression (Figure 5G) and reduced inflammatory M1 macrophage polarization (decrease in CD80 expression; Figure 5H).
[image: Figure 5]FIGURE 5 | Effect of GB0139 on bleomycin-induced lung inflammation. 33 μg bleomycin was administered i.t. with further administration of 30 μg GB0139 every 24 h and lung tissue retrieved at day 3. (A–C) Histology inflammation score and representative H and E sections following administration of bleomycin with/without GB0139. Arrow indicates areas of pulmonary inflammation (alveolar membrane thickening, capillary congestion and alveolar neutrophil infiltration). (D) Gal-3 expression on interstitial neutrophils. (E) Gal-3 expression on macrophages. (F) Interstitial neutrophil accumulation. (G) Expression of CD62L on neutrophils. (H) Expression of the M1 marker, CD80 on macrophages. Data represented as mean ± SEM. Analysed via Student’s t-test (n = 5, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Images taken at ×200 magnification. E = eosin; H = haematoxylin; h = hours; i.t. = intra-tracheal; RFU = relative fluorescence units; SEM = standard error of the mean.
GB0139 has anti-inflammatory properties in vitro
We sought to define the mechanism of action of GB0139 on cell types known to drive ALI. In vitro addition of 10–30 μg/ml Gal-3 to human THP-1 monocyte-like cells led to a significant increase in IL-8 secretion, which was inhibited with 10 µM GB0139 (Figure 6A). Human monocyte-derived macrophages upregulated TNFα gene expression when polarized towards an M1 phenotype by culturing in the presence of LPS and interferon gamma (IFNγ), which was reduced with 10 µM GB0139 (Figure 6B). Human neutrophils primed with TNFα increased ROS production in response to 30 μg/ml Gal-3 (Figure 6C). This was significantly inhibited with GB0139 (IC50 0.8 µM; Figure 6D). Gal-3 also significantly delayed rates of neutrophil apoptosis that was partially inhibited with GB0139 (Figure 6E). The opposite was seen in Jurkat cells (an immortalized human T-cell line). Gal-3 (20 μg/ml) significantly increased apoptosis from 11% to 65% (Figure 6F). This was inhibited with GB0139 (IC50 0.54 μM).
[image: Figure 6]FIGURE 6 | Effects of GB0139 in vitro. (A) THP-1 monocyte IL-8 secretion. THP-1 cells were differentiated with 10 nM PMA and treated with human recombinant Gal-3 ± 10 µM GB0139 for 24 h. (B) Human monocyte-derived macrophages were cultured in the presence of GM-CSF (M1) or M-CSF (M2) for 6 days and then further activated with IFN-γ/LPS (M1) or IL-4 (M2) ± 10 µM GB0139 for 48 h. (C) Neutrophil ROS production. Neutrophils were primed with TNFα (10 ng/ml), prior to stimulation with 30 μg/ml Gal-3. (D) GB0139 inhibition of Gal-3-induced neutrophil activation. (E) Neutrophil apoptosis. Neutrophils were cultured for 20 h in the presence of 10 μg/ml Gal-3 ± GB0139. (F) Jurkat cell apoptosis. Jurkat cells were cultured for 20 h in the presence of 20 μg/ml Gal-3 ± GB0139. Data represented as mean ± SEM. Analyzed via 2-way ANOVA (Figure 6A), 1-way ANOVA (Figures 6B,E), students t-test (Figure 6C) (n = 4–9, *p < 0.05, **p < 0.01, ***p < 0.001). The effects of stretch-induced gene expression in human lung epithelial cells following GB0139 treatment are shown in Figure 6G−I. Human epithelial A549 cells underwent a period of cyclic mechanical stretch ±10 μg/ml Gal-3 and/or 10 µM GB0139 prior to gene analysis. (G) Gene expression in human lung epithelial cells following mechanical stretch. (H) Effect of Gal-3 on stretch-induced changes in gene expression. (I) Effect of GB0139 on Gal-3-induced gene expression following stretch. Data (gene expression fold-change associated p value) represented as a dot plot. ANOVA = analysis of variance; Gal-3 = galectin-3; GM-CSF = granulocyte macrophage colony stimulating factor; h = hours; IFN-γ = interferon gamma; IL = interleukin; LPS = lipopolysaccharide; PMA = phorbol 12-myristate 13-acetate; ROS = reactive oxygen species; SEM = standard error of the mean; TNFα = tumor necrosis factor alpha.
Epithelial cells play a key role in inflammation and repair in the diseased lung. To assess the effects of epithelial damage in vitro, human lung epithelial (A549) cells were exposed to a period of cyclic mechanical stretch. Stretch induced a significant upregulation of several genes encoding for pro-inflammatory cytokines, in particular IL-8, IL-6 and TNFα, and chemokines such as CCL20 and regulatory molecules (vascular endothelial growth factor, transforming growth factor beta-2) (Figure 6G). The addition of 10 μg/ml Gal-3 produced a further upregulation of IL-6, IL-8 and TNFα, and chemokines C-X-C motif chemokine ligand 1 (CXCL1) and CXCL2 (Figure 6H). Co-incubation with 10 µM GB0139 abolished these Gal-3-mediated changes and further reduced colony-stimulating factor-2 (CSF2) expression (Figure 6I). Gal-3 inhibition therefore reduces inflammation by inhibiting neutrophil activation, accelerating neutrophil apoptosis and inhibiting pro-inflammatory M1 macrophage activation, whilst reducing pro-inflammatory cytokine release from injured epithelial cells.
DISCUSSION
ALI is a condition with limited treatment options and so identifying novel therapeutic targets is essential. The accumulation and activation of neutrophils is considered key to the progression of ALI into the life-threatening acute respiratory distress syndrome (ARDS) (Abraham, 2003). This study examined the effect of the Gal-3 inhibitor, GB0139, on LPS- and bleomycin-induced ALI in mice and explored its mechanism of action in vitro in human inflammatory cell types known to trigger ALI. When evaluated in vivo and in vitro, GB0139 was found to decrease inflammation severity whilst accelerating neutrophil apoptosis to promote resolution. Gal-3 may serve as a potential therapeutic target for ALI and should be explored further.
GB0139 reduced interstitial neutrophil accumulation following LPS-induced lung inflammation. GB0139 was found to reduce both interstitial and alveolar neutrophil recruitment at least at the highest dose of GB0139. This is in keeping with our previous observations that global Gal-3 deletion reduced neutrophil recruitment into both compartments, whereas myeloid specific deletion only impacted interstitial recruitment (Humphries et al., 2021). This would suggest that GB0139 can additionally inhibit Gal-3 in the alveolar space derived from other non-myeloid cells (Humphries et al., 2021). Gal-3 derived from stromal cells has also been shown to mediate neutrophil extravasation into the alveolar space following Aspergillus fumigatus infection (Snarr et al., 2020). We also show that GB0139 inhibits Gal-3-induced delay of neutrophil apoptosis, which may be one mechanism whereby GB0139 reduces LPS-induced inflammation. The expression of Gal-3 and the number of inflammatory monocytes recruited into the alveolar space was also inhibited by GB0139. The reduction in CSF2 expression in injured alveolar epithelial cells suggests a mechanism whereby GB0139 may inhibit monocyte and neutrophil recruitment into the lung.
GB0139 also demonstrates affinity for Gal-1 (MacKinnon et al., 2012; Peterson et al., 2018). It is therefore conceivable that GB0139 may also target Gal-1 in the lung, however, we have not shown significant upregulation of Gal-1 in the BALf or on the surface of BAL cells following LPS or bleomycin acute injury (data not shown). Our view is that the activated cells that are recruited into the lung in response to LPS or bleomycin injury have elevated Gal-3 (principally from monocytes). GB0139 inhibits recruitment and activation of these cells and as a result Gal-3 is itself reduced whereas the level of soluble Gal-1 in BALf is not elevated by injury or inhibited by GB0139. In addition, the effect we see is similar to that seen in the global Gal-3 deficient mouse (Humphries et al., 2021) so we conclude the effect of GB0139 is largely down to inhibition of Gal-3. Increased Gal-1 has however been associated with worse prognosis in other interstitial lung disease (ILD) (d’Alessandro et al., 2020) and COVID-19 induced inflammation (Markovic et al., 2022). We would therefore surmise that a co-inhibition of galectin-1 would have a beneficial effect although this requires further study.
We have shown that Gal-3 deletion and inhibition of Gal-3 with GB0139 inhibits IL-4-induced M2 macrophage activation (MacKinnon et al., 2008). However, in human monocytes, exogenously added Gal-3 induces production of superoxide (Liu et al., 1995) and acts as an autocrine ligand for toll-like receptor (TLR)4 and induces TLR4-mediated activation (Burguillos et al., 2015). We show that GB0139 reduced the predominance of the pro-inflammatory M1 phenotype, as seen via a reduction in CD80 expression on interstitial macrophages and reduced the recruitment of inflammatory monocytes into the alveolar space. Therefore, in response to M1 macrophage stimuli, Gal-3 may adopt a pro-inflammatory role. Previous studies have shown that Gal-3 binding to M1 and M2 macrophages has differential carbohydrate dependence (Lepur et al., 2012). Based on our findings, we propose that GB0139 inhibits M1 macrophage responses during acute injury whilst reducing the profibrotic M2 macrophage phenotype during chronic injury. Modulation of macrophage polarization has important implications during ALI such as in AE-IPF where cytokines produced by both M1-and M2-like macrophages are elevated (Schupp et al., 2015).
In addition, GB0139 maintained alveolar macrophage numbers, which have been shown to inhibit neutrophil recruitment following LPS-induced lung injury (Beck-Schimmer et al., 2005), preserved CD8+ T-cell populations and inhibited T-cell apoptosis in vitro. GB0139 may have a role in preserving CD8+ T-cell function and so promote the resolution of inflammation. Plasma levels of Gal-3 are significantly elevated in patients with COVID-19 infection (de Biasi et al., 2020) and it has been suggested that GB0139 may have utility in reducing viral-induced lung injury and preventing fibrosis following COVID-19 infection (George et al., 2020).
GB0139 inhibited several pro-inflammatory cytokines/chemokines, including IL-6, IL-8 and TNFα, which are considered typical biomarkers of ALI (Parsons et al., 2005). IL-8 predicts ARDS following major trauma (Donnelly et al., 1993; Folkesson et al., 1995) and is considered one of the most potent neutrophil chemo-attractants in inflammation (Hoffmann et al., 2002), and blocking IL-8 has been shown to protect rabbits from acid-aspiration-induced lung injury (Folkesson et al., 1995). Here, we show that GB0139 inhibits Gal-3-induced IL-8 secretion from monocytes. IL-6 is an important cytokine in ALI and stimulates profibrotic M2 macrophage activation during the fibrotic phase of bleomycin-injury (Ayaub et al., 2017). IL-6 may therefore be an important mediator of pro-fibrotic signaling in response to an acute injury. GB0139 decreased several pro-fibrotic mediators in the BALf including MMP8, tissue inhibitor matrix metalloproteinase 1 (TIMP-1) and MIP-1α, which are indicative of an early fibrotic signature (Marshall et al., 2000; Kolb et al., 2001). This suggests that GB0139 may inhibit an early fibrotic response to an acute injury.
Consistent with our findings, clinical data from a Phase I/IIa clinical trial in patients with IPF demonstrated that inhaled GB0139 impacts on several key fibrotic mediators in the lung. As well as having an acceptable safety profile, GB0139 is able to reach the alveolar compartment to reduce alveolar macrophage Gal-3 expression and reduce biomarkers associated with IPF progression. GB0139 has a manageable safety profile and is associated with a favorable cytokine profile in patients with SARS-CoV-2 infection (Gaughan et al., 2021).
In conclusion, our data show that when Gal-3 levels are high (such as following ALI), GB0139 decreases inflammation and promotes resolution by reducing inflammatory cell recruitment and pro-inflammatory cytokine release whilst accelerating neutrophil apoptosis. These data indicate a potential opportunity to exploit Gal-3 as a therapeutic target in ALI and support the progression of GB0139 into the Phase IIb GALACTIC-1 study (NCT03832946) in patients with IPF.
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Acute respiratory distress syndrome (ARDS) is characterized by disruption of the alveolar–capillary barrier, resulting in severe alveolar edema and inflammation. D-tagatose (TAG) is a low-calorie fructose isomer with diverse biological activities whose role in ARDS has never been explored. We found that TAG protects lung tissues from injury in the oleic acid-induced rat model of ARDS. Seventeen male Sprague–Dawley rats were randomly assigned to 3 groups: Sham (n = 5), ARDS (n = 6), and TAG + ARDS (n = 6). The treatment groups were injected with oleic acid to induce ARDS, and the TAG + ARDS group was given TAG 3 days before the induction. After the treatments, the effect of TAG was evaluated by blood gas analysis and observing the gross and histological structure of the lung. The results showed that TAG significantly improved the oxygenation function, reduced the respiratory acidosis and the inflammatory response. TAG also improved the vascular permeability in ARDS rats and promoted the differentiation of alveolar type II cells, maintaining the stability of the alveolar structure. This protective effect of TAG on the lung may be achieved by activating the PTEN/PI3K/AKT pathway. Thus, TAG protects against oleic acid-induced ARDS in rats, suggesting a new clinical strategy for treating the condition.
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Introduction

ARDS is considered a significant health and economic burden. The incidence of ARDS in the intensive care units (ICUs) of 50 countries was 10.4% (1). ARDS involves a cascade of secondary inflammatory injury and secondary diffuse lung parenchymal injury mediated by various inflammatory mediators and effector cells (2–4). Despite numerous studies in recent years, the mortality of ARDS is still very high due to the complexity of etiology and pathogenesis (2). The alveolar epithelial barrier and the pulmonary microvascular endothelial barrier are the two central physiological barriers in the lung (3). During lung injury, pulmonary microvascular permeability increases from barrier damage, and protein-rich fluid exudes from the alveolar space, causing pulmonary edema and promoting the formation of hyaline membranes (2, 4). Evidence suggests that the alveolar epithelial barrier is more resistant to injury than the pulmonary microvascular endothelial (5). Therefore, promoting the repair of the alveolar epithelial barrier is crucial for improving lung injury in patients with ARDS. To seek an effective therapeutic approach to ARDS, it is important to study the pathological mechanisms of ARDS in ARDS animal model (6). Oleic acid (OA)-induced lung injury is a relevant model to study ARDS because this fatty acid acts directly on the lung cells or lung endothelium and triggers activation of different innate immune receptors (7).

The PI3K/AKT signaling pathway promotes cell growth, survival, and differentiation (8). According to previous studies, activating it protects lung epithelial cells under oxidative stress and prevents stress-induced apoptosis (9, 10). Phosphatase and tensin homolog (PTEN) is a major negative regulator of the PI3K/AKT pathway (8). It dephosphorylates PIP3 through phospholipase activity, inhibiting the pathway (11).

D-tagatose (TAG) is a rare fructose isomer and has recently been used as a new functional sweetener (12). It has a low caloric value and hypoglycemic, intestinal flora-regulating, prevent colon cancer, and lower cholesterol properties (13, 14). The heat generated is only 1/3 that of sucrose, and the energy value is 1.5 kcal/g (12). In 2001, the US Food and Drug Administration appointed TAG as a generally recognized safe food (15). It is a promising sugar substitute because it reduces the detrimental effects of fructose on the metabolic profile and the associated cardiac susceptibility to ischemia/reperfusion injury (16). In this study, the rat ARDS model induced by OA was used to evaluate the protective effect of TAG on lung tissues to provide a basis for further exploring its underlying mechanism.



Material and methods


Experimental animals

Seventeen male Sprague-Dawley rats (320 g ± 50 g) were randomly divided into three groups: Sham (n = 5), ARDS (n = 6), and TAG + ARDS (n = 6). They were placed in cages with a controlled temperature range (20°C–22°C) and a 12-hour light-dark cycle. The animals were given free water and food. The study protocol was approved by the Laboratory Animal Ethics Committee of Anhui Medical University (License No: LISC20180351) and performed according to the ARRIVE guidelines for animal experiments.



Experimental protocol

TAG was purchased from Selleck (Houston, USA) and dissolved in normal saline (NS). A flow chart of the experimental procedure is shown in Figure 1A. The rats were anesthetized intraperitoneally with 30 mg/kg of pentobarbital, followed by separating and exposing the right femoral artery and vein. A 24-gauge catheter was catheterized into the right femoral artery to continuously monitor mean arterial pressure (MAP) and heart rate (HR) using an electrocardiogram (ECG) monitor. Those in the TAG + ARDS group were given 300 mg/kg of TAG and the 300 mg/kg of saline was given to the ARDS group by gavage for three days before OA administration. The rats in the ARDS group were treated with highly pure (99.9%) OA (Sigma, USA) by slowly injecting it into the right femoral vein with a microsyringe at a 100 mg/kg dose. The same doses of NS were provided to the Sham group. All rats were given carprofen (5 mg/kg) for postoperative analgesia. After 8 hours, the animals were euthanized with an intravenous overdose of pentobarbital. Subsequently, bronchoalveolar lavage fluid (BALF), lung tissues, and blood samples were collected for further evaluation.




Figure 1 | (A) Flow chart of the experimental procedure. (B, C) An ECG monitor was used to monitor MAP and HR changes throughout the experiment. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, compared with the Sham group; #p < 0.05, compared with the ARDS group. Illustrations were created using BioRender (biorender.com). ECG monitor, electrocardiogram monitor; TAG, D-tagatose; OA, oleic acid; NS, normal saline; ARDS, acute respiratory distress syndrome; MAP, mean arterial pressure; HR, heart rate.





Blood gas analysis, BALF protein concentration, and Wet/Dry weight ratio

Blood samples collected from the right femoral artery were analyzed using a blood analyzer and EG7+ cartridges (Abbott, USA) to assess the oxygenation and metabolic state in each treatment group. Lungs were lavaged using 2.0 mL normal saline to collect BALF. Protein levels were quantified using a bicinchoninic acid kit (Solarbio, China). The left lung was weighed to determine the wet weight and placed in an oven at 70°C for 72 hours. When completely dehydrated, it was weighed to estimate the dry weight. Finally, the Wet/Dry weight ratio of the left lung was calculated. The oxygenation index (OI) was determined with the PaO2/FiO2 ratio.



Enzyme-linked immunosorbent assay

The levels of TNF-α, IL-1β, IL-6, and IL-8 were quantified in the BALF and lung tissues using ELISA assay (Enzyme-linked Biotechnology, China) following the manufacturer’s instructions.



Histopathological evaluation

The isolated lung was fixed in 4% paraformaldehyde at 4°C for 48 hours, embedded in paraffin, and sectioned at a 5 µm thickness. The sections were stained with hematoxylin-eosin, immunofluorescence, etc. For the hematoxylin–eosin staining, lung injury was determined by evaluating alveolar congestion, edema, inflammatory cell infiltration, and interstitial thickening. The lung injury score was defined as follows: none, 0; mild, 1; moderate, 2; and severe, 3. For the immunofluorescence staining, the sections were incubated with the primary antibodies: anti-surfactant protein C (anti-SPC) (1:200; Santa Cruz Biotechnology, USA), anti-aquaporin 5 (anti-AQP5) (1:4000; Abcam, USA), anti-Claudin 4 (1:200; Proteintech, China), anti-Keratin 8 (1:200; Proteintech, China) and anti-CD31 (1:200; Servicebio, China) at 4°C overnight. The images were obtained with a confocal microscope (Carl Zeiss, Germany). For the immunohistochemistry staining, the sections were incubated with an anti-myeloperoxidase (anti-MPO) primary antibody (1:2000; Abcam, USA). Histopathological evaluation was double blinded and performed by two pathologists.



Apoptosis assay

Apoptotic cells in the lung tissue sections were quantified with TUNEL (terminal-deoxynucleotidyl transferase-mediated biotin-deoxyuridine triphosphate nick-end labeling) staining according to the manufacturer’s instructions. Five visual regions were randomly selected in each sample and recorded using a fluorescence microscope (Olympus, Japan). The TUNEL-positive rate was presented by the ratio of positively stained nuclei to total nuclei using ImageJ software (version 1.51; National Institutes of Health, USA).



Western blot analysis

Total proteins were extracted from lung tissues using a radioimmunoprecipitation assay buffer (Beyotime, China) supplemented with protease and phosphatase inhibitors (Biosharp, China). Their levels were quantified using a bicinchoninic acid kit. Proteins were separated with sodium dodecyl sulfate–polyacrylamide gel and transferred to polyvinylidene fluoride membranes. They were blocked in 5% skim milk at 37 °C for 1 hour and incubated overnight at 4°C with primary antibodies: anti-PTEN (1:2000; Abcam, USA), anti-AKT (1:4000; Proteintech, China), anti-p-AKT (1:4000; Proteintech, China), anti-Bcl-2 (1:1000; Proteintech, China), anti-Bax (1:2000; Abcam, USA), anti-Cleaved Caspase 3 (1:2000; CST, USA), anti-SPC (1:1000; Proteintech, China), anti-AQP5 (1:1000; Proteintech, China), anti-Claudin 4 (1:4000; Proteintech, China) and anti-Keratin 8 (1:4000; Proteintech, China). β-actin (1:10000; Proteintech, China) was used as a reference protein. The membranes were incubated with a horseradish peroxidase-conjugated secondary antibody (1:10000; Proteintech, China) at 37 °C for 1 hour. Protein bands were detected with enhanced chemiluminescence detection reagents (Millipore, USA) and analyzed using ImageJ software (version 1.51; National Institutes of Health, USA).



Reverse-transcription quantitative PCR (RT-qPCR) assay

Total RNA from lung tissues was extracted using Trizol reagent (Takara, Japan) and reversely transcribed into cDNA with a reverse transcription kit. Spectrophotometer (Thermo Fisher, USA) was used to estimate the RNA yield. The CFX96TM Real-time Detection system (Bio-RAD, USA) and TB Green qPCR Mix Plus (Takara, Japan) were used to detect mRNA levels. The PCR results were normalized to expression of β-actin. Primer sequences for PCR are shown in Table 1.


Table 1 | RT-qPCR primers.





Statistical analysis

All data were presented as mean ± standard deviation (SD). To determine data normality, the Shapiro-Wilk normality test was used. The unpaired Students t-test was used to compare two groups with data that had a normal distribution and similar variances. For abnormal data distribution, a nonparametric test, such as the Mann-Whitney U test was used. All statistical analyses were performed using SPSS (version 22.0, California, USA) and GraphPad Prism (version 9.2.0, California, USA) software. p values < 0.05 were considered statistically significant.




Results


Perioperative hemodynamics and metabolic parameters

Figures 1B, C shows dynamic changes of MAP and HR throughout the experiment. MAP in the ARDS group was significantly lower than in the Sham at 2 h, 4 h and 8 h, whereas they markedly improved in the TAG + ARDS group at 2 h (TAG + ARDS vs. ARDS, p < 0.05). HR was remarkably higher in the ARDS group compared with the Sham at 4 h, 6 h and 8 h and markedly lower under the TAG pretreatment at 6 h (TAG + ARDS vs. ARDS, p < 0.05). Table 2 summarizes the oxygenation and metabolic parameters in each group. The PaO2, SaO2, pH levels in the ARDS group were lower than in the Sham, whereas they markedly improved in the TAG + ARDS group (TAG + ARDS vs. ARDS, p < 0.001, p < 0.01, p < 0.01, respectively). The PaCO2 in the ARDS group was higher than in the Sham, whereas they significantly reduced in the TAG + ARDS group (TAG + ARDS vs. ARDS, p < 0.01).


Table 2 | Metabolic changes in each group throughout the procedure.





Effects of TAG on OA-induced lung injury

We established a rat model of OA-induced ARDS to assess whether TAG affects lung injury. As shown in Figure 2A, the lung tissues in the ARDS group showed dark-red congestion, edema, and exudation compared with those in the Sham group. All three signs significantly improved under the TAG pretreatment. Moreover, histological analysis of lung tissues indicated that increased infiltration of inflammatory cells in the alveolar cavity, edema, and interstitial thickening observed in the ARDS group considerably improved in the TAG + ARDS group (Figure 2B). Lung injury score was also significantly lower in the TAG + ARDS group than in the ARDS (TAG + ARDS, 2.77 ± 0.40 vs. ARDS, 4.69 ± 0.20, p < 0.01; Figure 2C). The protein levels in BALF were higher in the ARDS group than in the Sham and were significantly reduced by the TAG pretreatment (TAG + ARDS, 6.76 ± 0.61 vs. ARDS, 12.18 ± 0.89, p < 0.001; Figure 2D). Similarly, the Wet/Dry ratio of lung tissues in the ARDS group was higher than that in the Sham and significantly decreased under the TAG pretreatment (TAG + ARDS, 7.80 ± 0.60 vs. ARDS, 11.39 ± 0.85, p < 0.01; Figure 2E). OI of all animal groups was lower than 300 after establishing the ARDS model and markedly improved in the TAG + ARDS group versus the ARDS (ARDS, 140.30 ± 8.51 vs. TAG + ARDS, 363.30 ± 18.56, p < 0.001; Figure 2F). The PaCO2 level was significantly higher in the ARDS group compared with the Sham and the TAG pretreatment decreased the level (TAG + ARDS, 48.09 ± 2.71 vs. ARDS, 64.22 ± 2.83, p < 0.01; Figure 2G). The pH level was significantly lower in the ARDS group compared with the Sham and the TAG pretreatment increased the level (ARDS, 7.18 ± 0.02 vs. TAG + ARDS, 7.32 ± 0.02, p < 0.01; Figure 2H).




Figure 2 | TAG pretreatment protects from OA-induced lung injury in Sprague-Dawley rats. (A) Gross pathological images of lung injury across experimental animal groups (scale bar = 1 cm): Sham, ARDS, and TAG+ ARDS (pretreated with TAG 3 days before ARDS induction). (B, C) Representative histological images of lung and lung injury score in the groups (scale bar = 50 μm). Arrows represent edema and inflammatory cell infiltration in alveolar cavity. (D) Protein levels in BALF in each group. (E) Wet/Dry weight ratio of the left lung. (F–H) OI, PaCO2 and pH determined for each group. Data are presented as the mean ± SD. **p < 0.01, ***p < 0.001, compared with the Sham group; ##p < 0.01, ###p < 0.001, compared with the ARDS group. TAG, D-tagatose; OA, oleic acid; ARDS, acute respiratory distress syndrome; BALF, bronchoalveolar lavage fluid; OI, Oxygenation indexes.





Effects of TAG on ARDS-induced inflammation

To determine whether TAG also affects ARDS-induced inflammation, we performed immunohistochemistry staining and ELISA. The results revealed that more cells were positive for the neutrophil-specific marker MPO in the ARDS group than in the Sham, and their number significantly reduced under the TAG pretreatment (TAG + ARDS, 27.49 ± 3.29 vs. ARDS, 62.25 ± 7.12, p < 0.01; Figures 3A, B). Furthermore, the levels of TNF-α, IL-1β, IL-6, and IL-8 in BALF and lung tissues were higher in the ARDS group than in the Sham, and the TAG pretreatment decreased their levels (TAG + ARDS vs. ARDS, 62.82 ± 3.53 vs. 74.69 ± 3.89, 56.53 ± 6.89 vs. 77.55 ± 6.63, 38.34 ± 2.56 vs. 45.68 ± 3.11, and 65.83 ± 3.05 vs. 77.56 ± 3.22 for the BALF, respectively, p < 0.05; TAG + ARDS vs. ARDS, 44.62 ± 4.22 vs. 65.76 ± 3.72, p < 0.01, 51.74 ± 4.52 vs. 67.68 ± 7.19, p < 0.05, 29.36 ± 1.77 vs. 37.94 ± 2.47, p < 0.01, and 53.22 ± 2.87 vs. 65.00 ± 3.47, p < 0.05 for the lung, respectively; Figures 3C, D).




Figure 3 | Effects of TAG on ARDS-induced inflammation. (A, B) Representative images of MPO-positive lung cells and their quantification in experimental animal groups: Sham, ARDS, and TAG + ARDS. Arrows represent neutrophil infiltrations (scale bar = 50 μm). (C, D) Levels of TNF-α, IL-1β, IL-6, and IL-8 in BALF and lung tissues assessed by ELISA. Data are presented as mean ± SD. **p < 0.01, ***p < 0.001, compared with the Sham group; #p < 0.05, ##p < 0.01, compared with the ARDS group. MPO, myeloperoxidase; TAG, D-tagatose; ARDS, acute respiratory distress syndrome; IHC, immunohistochemistry.





Effects of TAG on ARDS-induced apoptosis and PTEN/PI3K/AKT pathway

We also performed TUNEL staining to detect apoptotic cells in lung tissues (Figure 4A). We found more apoptotic cells in the ARDS group than in the Sham and observed significantly fewer apoptotic cells in the TAG + ARDS group (TAG + ARDS, 13.31 ± 2.50 vs. ARDS, 37.98 ± 7.85, p < 0.01; Figure 4B). In addition, we quantified the expression levels of apoptosis-related and central proteins in the PTEN/PI3K/AKT pathway with western blotting (Figure 4C). The expression levels of PTEN, Bax/Bcl-2 and Cleaved-Caspase3 were significantly downregulated in the TAG + ARDS group compared with the ARDS, confirming TAG relieves apoptosis (TAG + ARDS vs. ARDS, 0.45 ± 0.06 vs. 0.87 ± 0.08, 0.88 ± 0.06 vs. 1.36 ± 0.17, 0.63 ± 0.06 vs. 0.87 ± 0.05, respectively, p < 0.01; Figure 4D). Conversely, the TAG pretreatment remarkably upregulated p-AKT/AKT expression (ARDS, 0.64 ± 0.09 vs. TAG + ARDS, 1.06 ± 0.05, p < 0.01; Figure 4D). The RT-qPCR results show that the levels of pten mRNA were lower than in the TAG + ARDS group compared with the ARDS group (TAG + ARDS vs. ARDS, 0.59 ± 0.23 vs. 5.87 ± 0.51, p < 0.001, 0.98 ± 0.13 vs. 1.05 ± 0.07, p > 0.05, respectively; Figure 4E). However, TAG pretreatment markedly upregulated level of pi3k mRNA compared with the ARDS group (ARDS, 0.66 ± 0.15 vs. TAG + ARDS, 0.94 ± 0.08, p < 0.05; Figure 4E).




Figure 4 | Effects of TAG on ARDS-induced apoptosis and PTEN/PI3K/AKT pathway. (A, B) Representative images of TUNEL-stained cells and their quantitation in lung tissue sections of 3 experimental animal groups: Sham, ARDS, and TAG + ARDS. Arrows represent apoptotic cells (scale bar = 50 μm). (C, D) Representative WB images and quantitation of PTEN, p-AKT/AKT, Bax/Bcl-2, and Cleaved Caspase 3 protein expression levels. (E) RT-qPCR results show that the transcripts levels for pten, pi3k, and akt mRNA. Data are presented as mean ± SD. p > 0.05, **p < 0.01, ***p < 0.001, compared with the Sham group; p > 0.05, #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the ARDS group. TAG, D-tagatose; ARDS, acute respiratory distress syndrome.





Effects of TAG on ARDS-induced alveolar and endothelial damage

Next, we performed immunofluorescence staining and western blotting to determine whether TAG affects the alveolar structure and the juxtaposed endothelium under inflammatory conditions. We double-stained alveolar epithelial cells for markers of alveolar type I and II cells (AQP5 and SPC) (Figure 5A). Results show that the expression levels of SPC and AQP5 in the ARDS group were lower than in the Sham but significantly higher on the TAG pretreatment (ARDS, 14.41 ± 4.65 vs. TAG + ARDS, 41.40 ± 4.33, p < 0.01; Figure 5B). We also stained vascular endothelial cells for the vascular marker CD31 and found numerous vascular endothelial cells in the TAG + ARDS group compared with the ARDS (ARDS, 10.76 ± 1.96 vs. TAG + ARDS, 16.88 ± 2.01, p < 0.01; Figures 5C, D). The expression levels of SPC and AQP5 proteins in the ARDS group were lower than in the Sham but increased under the TAG pretreatment (ARDS vs. TAG + ARDS, 0.28 ± 0.08 vs. 0.71 ± 0.04 and 0.49 ± 0.08 vs. 0.79 ± 0.08, respectively, p < 0.01; Figures 5E, F). The RT-qPCR results show that the levels of spc, aqp5, claudin4 and keratin8 mRNA are markedly higher in the TAG + ARDS group compared with the ARDS group (ARDS vs. TAG + ARDS, 0.26 ± 0.09 vs. 0.76 ± 0.12, 0.44 ± 0.06 vs. 0.71 ± 0.05, 0.32 ± 0.06 vs. 0.59 ± 0.05, and 0.48 ± 0.11 vs. 0.72 ± 0.09, respectively, p < 0.01; Figures 5G, 6G).




Figure 5 | Effects of TAG on ARDS-induced alveolar and endothelial damage. (A, B) Representative immunofluorescence images and quantification of alveolar type I and II epithelial cells in Sham, ARDS, and TAG + ARDS groups. The lungs were co-immunostained for SPC and AQP5 alveolar epithelial-specific markers (scale bar = 10 μm). The marker-positive cells were quantified with a confocal microscope. (C, D) Representative immunofluorescence images and quantification of CD31-positive vascular endothelial cells in each group. Arrows represent vascular endothelial cells (scale bar = 5 μm). (E, F) Representative WB images and assessment of SPC and AQP5 protein expression levels in each group. (G) RT-qPCR results show that the transcripts levels for spc and aqp5 mRNA. Data are presented as mean ± SD. **p < 0.01, ***p < 0.001, compared with the Sham group; ##p < 0.01, compared with the ARDS group. TAG, D-tagatose; ARDS, acute respiratory distress syndrome; SPC, surfactant protein C; AQP5, aquaporin 5.






Figure 6 | Effects of TAG on differentiation of alveolar type II cells under lung injury. (A–D) Representative immunofluorescence images of alveolar type II epithelial cells in the alveolar type II cells–alveolar type I cells transitional state (SPC+–Claudin 4+ and SPC+–Keratin 8+) across 3 experimental groups: Sham, ARDS, and TAG + ARDS (scale bar = 10 μm). The marker-positive cells were quantified with a confocal microscope. (E, F) Representative WB and quantification of Claudin 4 and Keratin 8 protein expression levels in each group. (G) RT-qPCR results show that the transcripts levels for claudin 4 and keratin 8 mRNA. Data are presented as mean ± SD. **p < 0.01, ***p < 0.001, compared with the Sham group; ##p < 0.01, ###p < 0.001, compared with the ARDS group. TAG, D-tagatose; ARDS, acute respiratory distress syndrome; SPC, surfactant protein C.





Effects of TAG on differentiation of alveolar type II cells

The transitional state of alveolar type II cells was marked by Claudin 4 and Keratin 8 (Figures 6A, C). We identified significantly more ATII cells in the transitional state in the TAG + ARDS group than in the ARDS (ARDS vs. TAG + ARDS, 9.34 ± 2.94 vs. 25.52 ± 3.03, p < 0.01, 6.63 ± 1.45 vs. 27.23 ± 2.51, p < 0.001, respectively; Figures 6B, D). In addition, the expression levels of Claudin 4 and Keratin 8 proteins in the ARDS group were lower than in the Sham but increased under the TAG pretreatment (ARDS vs. TAG + ARDS, 0.48 ± 0.07 vs. 0.72 ± 0.06 and 0.44 ± 0.06 vs. 0.77 ± 0.05, respectively, p < 0.01; Figures 6E, F).




Discussion

The specific mechanism of ARDS remains unclear, and effective drugs for treating ARDS are lacking. Thus, an OA-induced rat model of ARDS was established to explore a possible protective effect of TAG on lung injury. It is widely used in scientific research because it faithfully simulates the pathophysiological manifestations of ARDS patients and is simple, stable, and reliable (7). Subjecting the animals with OA-induced ARDS to a TAG pretreatment for 3 days significantly reduced pulmonary edema, improved gas exchange, increased the oxygenation index, reduced respiratory acidosis, and alleviated inflammation. Moreover, TAG promoted the repair of damaged alveolar epithelial and endothelial cells, inhibiting the expression of apoptosis-related proteins and activating the PTEN/PI3K/AKT pathway. These results suggest that TAG reduces OA-induced ARDS in rats, opening a new way for treating the condition.

TAG is a low-calorie sweetener and a promising novel functional food product (11). Recently, few studies explored its potential as a therapeutic drug for diseases. In one study, for example, TAG reduced the susceptibility to cardiovascular disease, but its role in respiratory diseases was unknown (15). OA induces ARDS in rats. It causes excessive protein-rich fluid exudation, extensive hyperemia, and edema, accompanied by inflammation (7). The Wet/Dry ratio of the lung is an indicator of pulmonary edema (17). We showed that TAG reduces it in OA-induced ARDS rats, which we confirmed with hematoxylin–eosin staining, among other methods. Neutrophils are crucial inflammatory cells in acute inflammation and the first-recruited cells in ARDS (18). They release proteases that cause the initial tissue damage and further migrate to the lungs for degranulation. This process releases inflammatory mediators (e.g., bactericidal proteins, cytokines, and reactive oxygen species), aggravating the inflammatory response (19, 20). Therefore, neutrophil content in alveoli reflects the degree of inflammation in the lung. We discovered that a 3-day TAG pretreatment reduces the exudation of MPO in the alveolar tissue under inflammatory conditions. This observation suggests that TAG relieves excessive ARDS-promoted secretion of inflammatory mediators in the lung. Under exacerbated pulmonary inflammation, activated alveolar macrophages release TNF-α and IL-1β, stimulating other alveolar cells (e.g., alveolar epithelial cells, macrophages, etc.) to secrete chemokines and activate the inflammatory cascade, causing continuous migration of inflammatory cells to the lungs (21). Consequently, further damage to the lung occurs. Tumor necrosis factor-alpha is a central pro-inflammatory factor in ARDS. It increases capillary permeability and initiates substantial fluid exudation, causing extensive pulmonary edema and endothelial disruption (22). Our results revealed that the expression of pro-inflammatory factors TNF-α, IL-1β, IL-6, and IL-8 in BALF and lung tissues reduces if the tissues were pretreated with TNF-α, suggesting its anti-inflammatory effect.

The PTEN/PI3K/AKT signaling pathway protects lung epithelial cells and relieves lung inflammation (23). Its activation can significantly delay the onset of acute lung injury, increasing the survival rate of animals. In humans, deleting PTEN stimulates the proliferation of malignant cells through polymorphic mutation or gene deletion, identifying the protein as a proto-oncogene (24). Although the permanent loss of PTEN function may have adverse consequences, the temporary, controllable inhibition of PTEN in lung epithelial cells is helpful for the regeneration of lung epithelium after injury (23). Moreover, the activation of PI3K/AKT signaling pathway in human lung epithelial cells occurs after PTEN is inhibited, and no agonists are later added in the process (25). We found that the PI3K/AKT signaling is inhibited in lung tissues of rats with ARDS. Pretreating the animals with TAG inhibits PTEN and activates the PI3K/AKT cascade, consistent with previous results. Thus, TAG can be used as a temporary, controllable pharmacological inhibitor of PTEN that activates the PI3K/AKT pathway and protects from lung tissue damage.

Normal alveoli are mainly composed of alveolar type I and alveolar type II cells. Alveolar type I cells are large and flat, accounting for more than 95% of the alveolar area and having an important role in gas exchange (26). Alveolar regeneration commences after acute lung injury in many mammal species. After the injury, alveolar type II cells assume stem cell properties, rapidly proliferating and differentiating into alveolar type II cells (27). Hence, they replenish the alveolar epithelium. We discovered that the number of alveolar type II cells positive increases significantly in TAG-administered rats with ARDS, suggesting enhanced proliferation of alveolar type II cells. When human and mouse lungs are injured, alveolar type II cells acquire a transient intermediate state before trans-differentiating into alveolar type I cells (28–30). Three markers for the intermediate state of alveolar type II cells are known: Claudin 4, Stratifin, and Keratin 8 (31). Interestingly, none are expressed in alveolar type II cells under physiological conditions. We found that few alveolar type II cells were in the intermediate state in lung tissues of rats with ARDS compared with control animals, indicating a compromised regenerative potential. Nonetheless, their levels increased significantly under the TAG pretreatment, suggesting that TAG promotes the repair of damaged alveoli.

Our study has several drawbacks and should be interpreted in the specific context of prophylactic administration of TAG for treating ARDS. First, it does not suggest any information on the sustained efficacy of the TAG. Second, although TAG can be administered safely over a range of doses without evident side effects, our study used only a single one (300 mg/kg) for the TAG pretreatment. Third, Oleic acid is an acid that can increase H+ in blood and cause acidosis and tissue damage, so it cannot completely simulate the pathophysiological process of human ARDS. Nonetheless, our data still provide valuable information for the development of drugs to treat ARDS.



Conclusions

In conclusion, TAG pretreatment protects lung tissues from OA-induced ARDS in rats. This protective effect may be related to reducing inflammation, inhibiting apoptosis, activating the PI3K/AKT pathway, and improving alveolar and microvascular permeability. However, further experiments are necessary to identify its underlying mechanism. Our study represents the basis for developing novel therapeutic strategies for managing ARDS.
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Pathogenesis of lung injury in COVID-19 is not completely understood, leaving gaps in understanding how current treatments modulate the course of COVID-19. Neutrophil numbers and activation state in circulation have been found to correlate with COVID-19 severity, and neutrophil extracellular traps (NETs) have been found in the lung parenchyma of patients with acute respiratory distress syndrome (ARDS) in COVID-19. Targeting the pro-inflammatory functions of neutrophils may diminish lung injury in COVID-19 and ARDS. Neutrophils were isolated from peripheral blood of healthy donors, treated ex vivo with dexamethasone, tocilizumab and intravenous immunoglobulin (IVIG) and NET formation, oxidative burst, and phagocytosis were assessed. Plasma from critically ill COVID-19 patients before and after clinical treatment with IVIG and from healthy donors was assessed for neutrophil activation-related proteins. While dexamethasone and tocilizumab did not affect PMA- and nigericin-induced NET production ex vivo, IVIG induced a dose-dependent abrogation of NET production in both activation models. IVIG also reduced PMA-elicited reactive oxygen species production, but did not alter phagocytosis. COVID-19 patients were found to have elevated levels of cell-free DNA, neutrophil elastase and IL-8 as compared to healthy controls. Levels of both cell-free DNA and neutrophil elastase were lower 5 days after 4 days of daily treatment with IVIG. The lack of impact of dexamethasone or tocilizumab on these neutrophil functions suggests that these therapeutic agents may not act through suppression of neutrophil functions, indicating that the door might still be open for the addition of a neutrophil modulator to the COVID-19 therapeutic repertoire.
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Introduction

Neutrophils are the most abundant immune cells in circulation and are key for host immune responses. Neutrophils are promptly recruited to sites of infection and key in shaping adaptive immune responses (1, 2). Despite their vital role in clearing infections, neutrophils can cause significant collateral tissue damage if not properly controlled (3, 4). This is evidenced by the pathologic role of neutrophils in many infections and autoimmune diseases (5–7). In the context of infections, our research and others recently identified neutrophilia and neutrophil activity as prognostic factors in COVID-19 and associated with increased disease severity (8). Acute respiratory distress syndrome (ARDS) is the heterogeneous condition at the center of COVID-19 pathophysiology, where inflammatory cells such as neutrophils are recruited to the lung, contributing to tissue damage, ultimately leading to respiratory failure (8–11).

As phagocytes, neutrophils engulf pathogens within phagosomes, merge them with lysosomes, leading to killing of pathogens via oxidative burst (producing reactive oxygen species or ROS), low pH, antimicrobial molecules and degrading enzymes (12). Another key antimicrobial function is the production of neutrophil extracellular traps (NETs), which are formed by expulsion of DNA with adherent antimicrobial proteins including myeloperoxidase (MPO), elastase, histones, LL-37, etc. (13). In addition, neutrophils can release ROS, which can modify extracellular targets and affect the function of neighboring cells (14). Both NETosis and oxidative burst have been implicated in tissue damage (3–5) and are highly pro-inflammatory (4, 13, 14).

Corticosteroids are commonly used to treat inflammatory diseases to limit tissue damage (e.g. bacterial meningitis, brain tumors, and connective tissue diseases) (15). Dexamethasone is a widely used corticosteroid and became a standard treatment during the COVID-19 pandemic. Dexamethasone was found to lower 28-day mortality among COVID-19 patients who were receiving either invasive mechanical ventilation or oxygen alone (16, 17). Other therapeutic approaches in COVID-19 involve the use of biologics that target pro-inflammatory cytokines, such as IL-6, IL-1, GM-CSF, and TNFα (18). Tocilizumab, a monoclonal antibody against the IL-6 receptor, was the first biologic agent with proven efficacy in COVID-19 and is now an approved therapy (18). However, a recent randomized controlled trial (RCT) found that tocilizumab does not improve clinical outcomes or decrease mortality at 28 days (19), although the findings of another RCT supports the use of tocilizumab for patients with moderate-to-severe COVID-19 and high c-reactive protein (CRP) levels (20). Nevertheless, despite the implementation of these and other therapies, COVID-19 mortality rate remains high in patients with critical illness (21).

Intravenous immunoglobulins (IVIG) have been used primarily in the treatment of autoimmune diseases, with favorable results. In many of these diseases, including systemic lupus erythematosus, antiphospholipid syndrome and multiple sclerosis, neutrophils have been found to be important drivers of exacerbations (22–25). Multiple small clinical trials of IVIG as a treatment in COVID-19 have shown beneficial effects by reducing mortality and time of hospitalization (26–34), while one RCT found that treatment with IVIG (added to hydroxychloroquine and lopinavir/ritonavir therapies for all trial subjects) found that earlier IVIG administration correlated with shorter hospital and ICU stays (35). On the other hand, the results of another large and randomized clinical trial have suggested that IVIG treatment may lead to increased mortality and increased frequency of serious adverse events (36).

IVIG modulates the activation of multiple leukocytes, including monocytes/macrophages (37, 38), dendritic cells (38), T cells (39) and B cells (40). Interestingly, ex vivo treatment of leukocytes with IVIG has been shown to reduce production of ROS (41). In the context of neutrophils, early studies found that IVIG can activate neutrophils, leading to production of ROS (42–44), release of MPO (45) and elastase (46), and alterations in surface markers (47). More recently, Bohländer et al, found that IVIG treatment decreases inflammation in neutrophil-like HL-60 cells via reduction in release of cytokines (48), and Uozumi et al. observed that IVIG treatment of human neutrophils led to reduced NETosis by fluorescence microscopy (49). However, there are significant differences in the experimental designs of all those studies.

Based on the proven anti-inflammatory effects of IVIG observed in patients with autoimmune diseases, the discrepancies across prior ex vivo and in vitro assessments of IVIG on neutrophil function, and our previous observation of the contribution of neutrophils to ARDS immunopathology in COVID-19 (8), we undertook this study to define the impact of IVIG and anti-inflammatory treatments used in COVID-19 (dexamethasone and tocilizumab) on key pro-inflammatory and antimicrobial neutrophil functions. Further, we assessed NET components within plasma of COVID-19 patients whose therapy was complemented with IVIG.



Materials and methods


Study design and oversight

Patients admitted to a single center in San Diego, CA with COVID-19 confirmed by a PCR test (nasal or pharyngeal sample) who developed rapid hypoxemic respiratory failure from ARDS and requiring mechanical ventilation were considered for off-label IVIG therapy (0.5g/kg adjusted body weight per day for 4 consecutive days) < 72 hours from onset of mechanical ventilation. Patients with any baseline chronic organ failure comorbidities (e.g. heart failure, renal failure, stroke, dementia, or active malignancy) were excluded. A protocol entitled “Pilot study of the use of IVIG in patients with severe COVID-19 requiring mechanical ventilation and to assess their biological responses to IVIG therapy” (clincaltrials.gov NCT04616001) allowed for patient or next of kin consent for analysis of blood samples for this study that were obtained before, during, and after IVIG therapy. Blood analyzed consisted of residuals from samples drawn as part of routine daily blood work. Other than receipt of off-label IVIG, patients received standard of care diagnostic and therapeutic management contemporary for the time in the pandemic (December 2020-March 2021). The study was reviewed and approved by the Sharp Healthcare Internal Review Board (#2010902). Ex vivo neutrophil and plasma studies were conducted with VASDHS institutional review board (IRB) approval B200003, a non-human subject research waiver from the UCSD Institutional Review Board (IRB), and in accordance with the Helsinki Declaration of the World Medical Association.



Plasma and neutrophil collection

Blood from healthy donors or COVID-19 patients was drawn in heparinized tubes and plasma was isolated by centrifugation at 1000 x g for 10 minutes. Plasma was aliquoted and stored at -80°C. For neutrophil isolation, blood from healthy donors was drawn and layered onto Polymorphprep™ (PROGEN) per manufacturer’s instructions. Briefly, 20 ml whole blood was gently layered onto 20 ml of Polymorphprep™ in a 50 ml conical tube and centrifuged at 500 x g for 30 min at room temperature (RT), sans brake. The granulocyte layer was collected and washed with HBSSCa-/Mg- and centrifuged at 400 x g for 10 min at RT. Cell pellet was re-suspended in 1 ml of HBSSCa-/Mg- and cells were counted using an hemocytometer. Average neutrophil purity across samples was 90%. Finally, neutrophils were resuspended at 2x106 cells/ml for functional assays.



Drug preparations (IVIG, dexamethasone, and tocilizumab)

Up to 4 final concentrations of IVIG (Octagam® 10% from Octapharma USA, Inc), were used (0.2, 1, 5 and 10 mg/ml). For dexamethasone, we used a 4 mg/ml stock (Fresenius Kabi) and diluted to 100, 500 and 1000 ng/ml. Tocilizumab was prepared from 20mg/ml (Actemra) and diluted to 20, 200 and 400 μg/ml. All diluted stocks were prepared in HBSSCa+/Mg+.



Quantification of Cell-Free DNA from plasma of patients and for ex vivo NETosis assays

Neutrophils (2x105 in 100 µl HBSSCa+/Mg+) were plated in 96-well plates and incubated at 37°C with 5% CO2 with and without IVIG for 30 min, followed by stimulation with either phorbol 12-myristate 13-acetate (PMA) at 25 nM or Nigericin at 15 μM. All conditions were run in triplicate. After 2 hours, 500 mU/ml of micrococcal nuclease was added to each well and incubated for 10 min at 37°C with 5% CO2. Next, after addition of EDTA, plates were centrifuged at 200 x g for 8 min, and 100 µl supernatant was collected and transferred to a fresh 96-well plate. For quantification of NETs (from ex vivo assay) and cell-free DNA (from plasma of patients) the Quant-iT™ PicoGreen™ dsDNA Assay Kit (Invitrogen) was used, following the manufacturer’s protocol. Fluorescence was measured using the Infinite M200 (TECAN) plate reader with 480ex/520em.



Imaging of NETs

Neutrophils at 2x105 in 100 µl/well were seeded in an 8-chamber glass slide (Nunc™ Lab-Tek™ II Chamber Slide™ System) and incubating at 37°C with 5% CO2 for 30 min with and without IVIG. Neutrophils were stimulated with 25 nM PMA and incubated at 37°C with 5% CO2 for 2 hours. All conditions were run in duplicate. Cells were fixed with 4% Paraformaldehyde and stored at 4°C overnight. To stain for NETs, wells were washed with 1x PBS and then blocked with 2% bovine serum albumin (BSA) and 2% goat serum in PBS for 45min. Cells were incubated for 1 hour with rabbit anti-human MPO primary antibody (1:300 in 2% PBS-BSA; Dako North America, Inc.), and then with Alexa Fluor 488 goat anti-rabbit IgG secondary antibody (1:500 in 2% PBS-BSA; Life Technologies) for 45 min. Finally, cells were washed and incubated 10 min with 1 μM Hoechst-33342-trihydrochloride. Three washes with 1x PBS were performed after each staining step. Images were obtained using a Zeiss AxioObserver D1 microscope equipped with an LD A-Plan 20x/0.45 Ph1 and 10x/0.30 Ph1 objectives.



Quantification of oxidative burst

We placed 1.2 ml of 2x106 neutrophils/ml in 1.5 ml siliconized tubes and incubated with 10 μM 2’,7’-dichlorodihydrofluorescein diacetate for 20 min at 37°C on an orbital shaker. Cells were centrifuged at 500 x g for 8 min and resuspended in the original volume with HBSSCa-/Mg-. Neutrophils at 2x105 in 100 µl were seeded in a 96-well plate and pre-treated with IVIG or dexamethasone for 30 min. Cells were then stimulated with 25 nM of PMA. Each condition was run in triplicate. Cells were incubated at 37°C and 5% CO2 and fluorescence measured using an Infinite M200 (TECAN) plate reader with 495ex/520em, every 15 min for 2 hours.



Quantification of phagocytosis

Neutrophils were seeded in a 96-well plate at 2x105 per well. Cells were pre-treated with IVIG or dexamethasone for 30 min and cells were washed once with 1x HBSSCa-/Mg- to remove IVIG or dexamethasone prior to adding bioparticles. Cells were resuspended at 1:1 with pHrodo™ Red Staphylococcus aureus Bioparticles™ (Invitrogen) diluted in HBSSCa+/Mg+, centrifuged at 1200 rpm for 5 min and incubated at 37°C and 5% CO2. Fluorescence was measured with 560ex/585em every 15 min for 2 hours. To exclude background signal, fluorescence of wells containing either HBSS, cells and pHrodo™ Red S. aureus Bioparticles was also measured.



Quantification of NET and neutrophil activation related markers in the plasma of COVID-19 subjects

To measure granulocyte-derived elastase, plasma at 1:100 was assessed via the PMN Elastase Human ELISA kit (Abcam), following the manufacturer’s protocol. For quantification of MPO-DNA, a 96 well plate was coated with 50μl/well of.01 μg/ml anti-MPO mAb (Upstate) and incubated overnight at 4°C. Wells were washed twice with 1x PBS and blocked with 2% BSA for 2 hours. Wells were washed three times and 100μl of plasma samples were added at 1:4 dilutions and incubated at 4°C overnight. Peroxidase-labeled anti-DNA mAb (Cell Death ELISAPLUS, Roche) at a dilution of 1:25 in 100μl of assay buffer was added and plates incubated for 2 hours with shaking at 300 rpm at RT. Wells were washed 3 times and 100 μl of peroxidase substrate was added and incubated for 20 min at RT in the dark. The reaction was stopped with 50μl of 160mM sulfuric acid, and absorbance measured at 405nm. IL-8 was quantified from plasma at a 1:2 dilution using the DuoSet human IL-8/CXCL8 ELISA kit (R&D Systems) following the manufacturer’s instructions.



Statistical analysis

Statistical analyses were performed using GraphPad Prism Version 8.4.3 (San Diego). Plasma cytokine levels and NETosis in controls and COVID-19 subjects were analyzed with Mann-Whitney tests. ROS production and phagocytosis assays were analyzed using a 2-way ANOVA with Geisser-Greenhouse correction and Dunnett’s multiple comparisons test for each timepoint. Two-sided tests and α level of 0.05 were used to determine significance.




Results


IVIG diminishes NETosis

In order to assess the potential mechanistic effects of IVIG on neutrophil functions, and thus identify further immunomodulatory properties of IVIG, we pre-treated primary human neutrophils with IVIG prior to inducing NETosis. Our assays were performed with isolated neutrophils from healthy donors with over 90% of both live cells (defined at the end of assay in untreated cells) and purity (Supplementary Figures 1A, B). Pre-treatment with IVIG leads to a significant reduction in NETosis, which was dose-dependent after activation of NETosis through different pathways since both PMA- and nigericin-activated neutrophils abrogated NETosis when treated with IVIG (Figures 1A, D). In addition, treatment with IVIG was also able to abrogate spontaneous NETosis on unstimulated neutrophils (Supplementary Figure 2A). On the other hand, therapeutic concentrations of tocilizumab (19) (Figures 1B, E) and dexamethasone (16) (Figures 1C, F) did not affect NETosis using both types of activation. Furthermore, concomitant exposure of neutrophils to IVIG and dexamethasone does not show a synergistic effect on reducing NETs (Supplementary Figure 2B). Upon visualizing NETs via fluorescence microscopy, similar findings were seen, with reduction of NETs by IVIG treatment visualized by staining of MPO (a major component of NETs) in a dose-dependent manner (Figure 1G).




Figure 1 | IVIG has a dose-dependent suppressive effect on NETosis, which suggests that it may be a complimentary treatment in acute lung injury. Ex vivo functional assays of healthy neutrophils stimulated with either PMA or nigericin shows that abrogation of NETosis is induced in a dose-dependent manner by: IVIG (A, D), but not tocilizumab (B, E) or dexamethasone (C, F). An alternative approach of assessing NETosis using fluorescence microscopy of neutrophils stained for myeloperoxidase (green; a key component of NETs) shows clear inhibition of NETosis by IVIG (G). Data in panels A–F was analyzed with one-way ANOVA with multiple comparisons. Data are presented as individual data points ± SD with n = 6–7 individuals per group. Error bars represent 95% confidence interval. *P < .05, **P < .01, ***P < .001, ****P < .0001.





IVIG diminishes neutrophil oxidative burst

The production of ROS is a key mechanism used to kill pathogens and is involved in NETosis, which leads to significant inflammation in host tissues. Similar to the impact on NETosis, pre-treatment of neutrophils with IVIG led to reduced production of ROS in a dose-dependent manner, with the highest concentration tested (10mg/ml of IVIG) approaching the low levels of ROS observed in unstimulated controls (Figure 2A). Pre-treatment of neutrophils with varying concentrations of dexamethasone did not impact ROS production (Figure 2A).




Figure 2 | Treatment of primary human neutrophils with IVIG inhibits oxidative burst in a dose-dependent manner, while preserving phagocytosis. Circulating neutrophils from healthy controls were used to assess antimicrobial functions including reactive oxygen species production (oxidative burst) and phagocytosis. (A) Neutrophil oxidative burst, while being an important antimicrobial function can cause significant collateral damage to tissues, was inhibited in a dose-dependent manner by IVIG (solid circle markers) but not by dexamethasone (hollow purple markers). (B) Neutrophil phagocytosis was retained (unaffected) by treatment with IVIG or dexamethasone. Data were analyzed with a 2-way ANOVA with Geisser-Greenhouse correction and Dunnett’s multiple comparisons test. Data are presented as individual data points ± SEM with n = 9 and n = 5 individuals per group in oxidative burst and phagocytosis assays, respectively. Error bars represent 95% confidence interval. *P < .05, **P < .01, ***P < .001, ****P < .0001.





Treatment with IVIG preserves neutrophil phagocytosis

Besides NETosis and ROS production, neutrophils also utilize phagocytosis as a primarily antimicrobial mechanism. In the context of COVID-19, we previously found that neutrophils circulating in the blood of critically ill COVID-19 patients had increased phagocytic activity relative to healthy controls (8). Preserving or even increasing phagocytosis is important in COVID-19 and across ARDS patients in general, as these patients are at risk for opportunistic and nosocomial infections. In these studies, we found that neither treatment with IVIG nor dexamethasone had a significant effect on the phagocytic activity of neutrophils (Figure 2B). It is important to mention that IVIG was removed from the assay prior adding the S. aureus bioparticles in order to focus on intrinsic changes to neutrophil phagocytic activity, since IVIG can opsonize S. aureus bioparticles thus leading to increased phagocytosis.



IVIG treatment and neutrophil-related factors in the circulation of COVID-19 patients

Cell-free DNA and PMN elastase were significantly elevated in COVID-19 patients prior to IVIG treatment, as compared to healthy controls (Figures 3A, C, respectively). After 5 days of IVIG treatment, both cell-free DNA and PMN elastase were significantly reduced (Figures 3B, D, respectively). MPO-DNA complexes were not increased in COVID-19 subjects relative to healthy controls, and did not change across time or when compared prior to the first IVIG dose versus 5 days later (Figures 3E, F, respectively). Finally, IL-8, a key cytokine for neutrophil activation and recruitment, was elevated in COVID-19 patients as compared to healthy controls (Figure 3G), with the IL-8 level at 5 days post IVIG treatment having a non-significant downward trend (Figure 3H).




Figure 3 | Treatment of severe COVID-19 with IVIG may lead to decreased NET-related factors and IL-8 in the circulation of patients. We assessed NET related components in the circulation of IVIG-treated COVID-19 patients, hours before the first IVIG dose and up to 5 days after treatment with IVIG. Moreover, we did a paired comparison of pre-IVIG plasma versus 5 days post-IVIG. We assessed NET components such as cell-free DNA (A, B), neutrophil elastase (C, D), and myeloperoxidase (MPO)-DNA complexes (E, F). Cell-free DNA and neutrophil elastase were significantly elevated in COVID-19 patients relative to controls (A, C), and decreased after IVIG treatment (B, D). MPO-DNA was not elevated in the plasma of patients with severe COVID-19 and did not change after IVIG treatment (E, F). The neutrophil chemokine and activating cytokine IL-8 was elevated in the plasma of COVID-19 patients (G) but did not significantly decrease after IVIG treatment (H). Data for panels A, C, E, and G was analyzed via one-way ANOVA with Tukey’s multiple comparisons test, although data points from same patients are connected to observe data trends. Data for panels B, D, F and H was analyzed with paired t-tests. Data are presented as individual data points ± SD with healthy controls (n = 10-14) and COVID-19 (n = 12). Error bars represent 95% confidence interval. *P < .05, **P < .01, ***P < .001, ****P < .0001.






Discussion

Neutrophils have a “dark side” capable to induce significant immunopathology in different inflammatory settings (3, 4, 7). In the context of COVID-19, a wide variety of studies established neutrophils and their activity with detrimental effects during the disease (8, 10). In COVID-19 and other respiratory diseases, avoiding the development of ARDS is critical (50). ARDS is a very heterogeneous clinical picture with no specific treatment and management of ARDS patients is reduced to supportive therapy (9, 51). During ARDS development, inflammatory cells cause tissue damage affecting lung function (9). Neutrophils have been associated with the development of ARDS in COVID-19 and to worsen the prognosis of the disease (8, 10, 11).

During the course of COVID-19, it is crucial to avoid exacerbation of inflammation, which can lead to organ failure, including ARDS. Thus, the use of corticosteroids in COVID-19 has been widely used worldwide (52). Dexamethasone is one of the most commonly used corticosteroid to diminish and control inflammation in the context of COVID-19 (16, 52). Clinical data supports the use of dexamethasone in patients receiving either invasive mechanical ventilation or oxygen alone (reducing 28-day mortality), although not in those receiving no respiratory support (16). This suggests that clinical situation of the patient and the timing of intervention during the disease course is important to achieve positive results. In the context of neutrophils and their potential contribution to exacerbation of inflammation, here, we show through our established ex vivo functional assays that dexamethasone does not have effect in three major neutrophil pathways associated to inflammation, NETosis, oxidative burst and phagocytosis (Figures 1C, 2A, B, respectively). It has been shown that dexamethasone can inhibit S. aureus-induced NETosis but not PMA-induced, although that study used a concentration 4 times higher (10μM, thus around 4000 ng/ml) than our highest concentration (1000ng/ml) (53), reaching levels significantly higher that are not probably achieved physiologically during COVID-19 treatment, which is usually 6 mg of dexamethasone per day (23). Recently, it has been reported that in the context of COVID-19, dexamethasone can downregulate interferon-stimulated genes and activated IL-1R2+ in neutrophils, and to expand immunosuppressive immature neutrophils (54), thus the mechanism by which dexamethasone can diminish neutrophil activity is by affecting their functions toward a immunosuppressive phenotype. Similar to dexamethasone, tocilizumab, a monoclonal antibody against the interleukin-6 receptor (IL-6R) used to abrogate IL-6 signaling, does not have any effect in NETosis when used within the range of therapeutic concentrations (Figure 1C). Although, tocilizumab are also immunoglobulins as IVIG, tocilizumab in a monoclonal population of IgGs that are used at a lower concentrations than IVIG due to its specificity for the IL-6R, hence the effect on neutrophils may not be achieve at the used concentrations and by the nature of formulation of tocilizumab. On the other hand, IVIG is able to significantly abrogate NETosis (under both PMA and nigericin activation) and oxidative burst in a dose-dependent manner (Figures 1A, D, G, 2A), which suggests that complementation of standard treatment with IVIG might account for the lower mortality rate observed in IVIG-treated patients through diminishing neutrophil-mediated immunopathology, having implications in other conditions with neutrophil-mediated immunopathology. Interestingly, neither dexamethasone, tocilizumab nor IVIG seem to have an effect in changing the phagocytic activity of neutrophils. This data concur with our previous findings showing that neutrophils isolated from COVID-19 have enhanced phagocytic activity as compared to healthy controls, even when some COVID-19 patients received dexamethasone and/or tocilizumab (8). IVIG have shown to be able to modulate neutrophil functions, although in contrary to our results, early studies showed that IVIG can induce the production of ROS (42–44), NETs (myeloperoxidase and elastase) (45, 46) and increased activation status defined by changes in surface markers (47). However, recently, Bohländer et al, found that IVIG can decrease inflammation in the neutrophil-like HL60 cells by reducing the release of cytokines such as IL-10, MCP-1 and IL-8 (48); and Uozumi et al. observed that treatment of human neutrophils with 5ml/ml of human sulfo-immunoglobulins lead to decreased production of NETs defined by staining of DNA with SYTOX (49), a different approach that this study for NET assessment. Nevertheless, there are significant differences in the experimental designs of all those studies. For instance, although most studies used isolated neutrophils (31, 43–45), some studies used whole blood (47) or a neutrophil-like cell line (48). Moreover, neutrophil activation varied from using live bacteria (15, 45), LPS (47), TNFα (21, 46) and even SARS-CoV-2-like particles associated to SARS-CoV-2 spike protein specific IgG, IgA, and IgM antibodies (48). In this study, we used PMA, which is commonly used in leukocyte activation studies, and studying neutrophils is not the exception, particularly in assessing NETosis and oxidative burst (55, 56).

IVIG has been used for a while to treat autoimmune diseases, evidencing its immunomodulatory properties (25). Hence, early attempts to introduce IVIG to counteract hyperinflammation in COVID-19 were expected. However, contradictory conclusions have arisen, from being beneficial by reducing mortality and time of hospitalization (26–34), to showing no differences in mortality rate (35), to even suggesting a tendency to be associated with an increased frequency of serious adverse events (36). Nevertheless, differences between these studies may account for their opposite conclusions. For instance, there are differences in dosage of IVIG, length of treatment, timing of first dose upon admission, the formulation of IVIG, additional treatments, amount of subjects and subject heterogeneity.

Despite ambiguous results at the global level, our specific clinical experience with IVIG has been highly successful when niche-applied early to patients without end-organ comorbidities or advanced age (57, 58). As part of quality measurements by Sharp Healthcare, data was collected to assess clinical outcomes in patients with COVID-19 at different stages of the pandemic. Review of these data has demonstrated a survival benefit in IVIG recipients ≤70 years of age with severe to critical COVID-19 (receipt of high-flow oxygen or greater oxygen requirement, WHO severity score 5-7). In these patients, receipt standard of care alone (remdesivir, glucocorticoids) was 21%, receipt of adjunctive tocilizumab mortality was 23%, and only 7% in IVIG recipients (p=0.03, Fisher exact test, unpublished observations). Although limited in sample size and a single-center retrospective assessment, this clinical experience coupled with our findings showing IVIG attenuation of neutrophil-driven inflammation clearly sets the stage for important more rigorous future clinical study of IVIG. Interestingly, we previously showed that COVID-19 treated with tocilizumab have increased IL-6 in circulation (8), which correlates with a numerically higher mortality in tocilizumab recipients, and also aligns with a larger study showing no improvement on the clinical status or lower mortality (19).

The inconsistent results of IVIG benefit in COVID-19 rest largely on the broad heterogeneity of COVID-19 patient types. COVID-19 therapeutics are likely impactful only in younger patients at high-risk for COVID-19 disease with comorbidities like obesity, hypertension, and diabetes mellitus but without end-organ damage. In settings of advanced age and/or baseline organ failure, mortality from COVID-19 may be significantly less modifiable, not only due to direct COVID-19 factors, but due to the increased risk of secondary complications such as cardiovascular, thrombotic, or secondary bacterial or fungal infections, and even adverse drug reactions. Unfortunately, large prospective clinical trials may be underpowered to be able to address specific patient subtypes within their cohorts (36, 59). Thus, more studies are needed to consider IVIG as part of standard therapy for COVID-19 (and perhaps viral ARDS), specifically addressing subpopulations who may benefit. Related to this, there is evidence showing that the beneficial effects of IVIGs might depend on the composition of the IVIG preparation, the immune status of the patient, and the severity of the disease (60). Although the majority of the studies use IVIG based on IgGs, other studies have shown that IVIG containing relevant amounts of IgM and IgA (in addition to IgG) can modulate the release of pro-inflammatory cytokines in neutrophil-like HL60 cell line better than IVIG containing mostly IgGs (48). Nevertheless, in our cohort of patients we found that neutrophil-related factors, such as those involved in NETosis, including cell-free DNA and PMN elastase seem to be reduced upon complementation with IVIG (Figures 3A–D), although even when cell-free DNA is a well-accepted indicator of NET in circulation, it can also come from other sources such as dead cells. Moreover, MPO-DNA did not show significant differences although trend over time appears to be downward, and interestingly there was no difference between healthy donors and COVID-19 patients (Figures 3E, F). Similarly, IL-8, a strong chemoattractant and activator of neutrophils also showed a trend down over time, but in this case there was a significant difference between COVID-19 and healthy plasma (Figures 3G, H), which aligns to our previous findings and others associating increased IL-8 in the severity of COVID-19 (8).

Currently, different trials are attempting to inhibit or block neutrophil pathways to control inflammation. Several current trials are targeting NETosis, since they are highly pro-inflammatory (61). Some trials are addressing the use of DNase (61–64), which tackle NETs effects once they are released, (but may not directly inhibit proteolytic enzymes coating the DNA strands) in contrary to IVIG, which prevent their release according to our ex vivo assays. Related to this, a recent non-randomized open-label study evaluated the complementation with inhaled DNase plus tocilizumab and baricitinib (JAK1/2 inhibitor), finding association with lower in-hospital mortality and intubation rate, shorter duration of hospitalization, and prolonged overall survival; in addition, in an in vitro approach, plasma from those COVID-19 patients undergoing the complemented treatment induced less tissue factor/thrombin pathway in primary lung fibroblasts as compared to standard-of-care (64). Nevertheless, it is important to consider that the anti-inflammatory effect of IVIG also occurs in other leukocytes and that this study is strictly limited to neutrophils. Thus, more studies are needed to address the questions to the overall impact of IVIG in COVID-19 patients and other inflammatory conditions.

This study has limitations such as the small cohort of COVID-19 patients, the lack of some samples from each time point, limited to components in circulation (even when neutrophils are phenotypically different from circulation to lung tissue (65). Our ex vivo studies utilized two activation stimuli, which may not accurately reflect all NET compositions, as such compositions can change depending on the stimulus (66, 67). Furthermore, there was no comparator group of similar illness severity and similar points of illness who did not receive IVIG or received placebo in its place. Regardless of the limitations, this study established the foundation of the effect of IVIG in three key functions of neutrophils and along with data from IVIG-treated patients suggests that complementation of IVIG to standard therapy for COVID-19 may diminish neutrophil pro-inflammatory pathways, which are not affected by the commonly used corticosteroid, dexamethasone.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The study was reviewed and approved by the Sharp Healthcare Internal Review Board (#2010902). Ex vivo neutrophil and plasma studies were conducted with VASDHS institutional review board (IRB) approval B200003, a non-human subject research waiver from the UCSD Institutional Review Board (IRB), and in accordance with the Helsinki Declaration of the World Medical Association. The patients/participants provided their written informed consent to participate in this study.



Author contributions

JM-S, AM, VN and LC contributed to conception and design of the study. JM-S and AM organized the database. JM-S, JO and VG performed the experiments. JM-S and LC performed the statistical analysis. JM-S wrote the first draft of the manuscript. GS wrote sections of the manuscript. GS and MG provide key samples. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This work was supported by a Veterans Affairs Merit Award 1I01BX004767 (LC), NIH NHLBI K24HL155884 and R01HL137052 (LC), TRDRP Award T30IP0965 (LC), and UCSD ACTRI 1KL2TR001444 (AM).



Acknowledgments

Octagam 10% for this study both for patient administration and for in vitro work was provided by Octapharma USA (Hoboken, NJ).



Conflict of interest

Author GS has received consulting and research fees from Octapharma USA (Hoboken, NJ).

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.993720/full#supplementary-material

Supplementary Figure 1 | Cell viability and purity of neutrophils for functional assays. Upon isolation of neutrophils, viability was assessed by staining with propidium iodide and analyze by flow cytometric analysis, observing over 90% live cells (A). In addition, over 90% purity was obtained in isolated cells, which was observed by cytospining cells and staining with Giemsa, a representative picture is shown (B).

Supplementary Figure 2 | IVIG alone can inhibit spontaneous NETosis and dexamethasone does not show synergistic inhibitory effect with IVIG. Isolated neutrophils were incubated with increasing concentrations of IVIG for 3.5 h and no activation stimuli was added to cell culture, observing that IVIG can also diminish spontaneous NETosis in a dose-dependent manner. In addition, a potential synergistic effect was assessed by incubating neutrophils with IVIG and dexamethasone concomitantly; observing that dexamethasone at 500 ng/ml does not enhance NETosis abrogation caused by IVIG (B). Data was analyzed with one-way ANOVA with multiple comparisons. Data are presented as individual data points ± SD with n=6 individuals per group. Error bars represent 95% confidence interval. **P<.01, ***P<.001, ****P<.0001.
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miRNA Expression level Target Function Chronic diseases Ref.

miR-21 + PGE 2/IL-10 pro-inflammation sepsis (134)

miR-223-3p 1 MKNK1 pro-inflammation sepsis (135)

miR-146a 1 NF-xB pro-inflammation sepsis (136, 137)
S0D2 promote NETosis

miR-887-3p i IL-18 pro-inflammation sepsis (138)

VCAM-1

miR-1565 1 NF-xB pro-inflammation sepsis (139)

miR-let-7b 1 TLR4 anti-inflammation sepsis (140)
NF-xB

miR-223 1 NLRP3/IL-1B anti-inflammation asthma (141)

hsa-miR-223-3p 1 TLR/Th17 endoplasmic reticulum stress asthma (142)

miR-199a-5p i WNT2 inhibit lung regeneration asthma (143)
WNT4

miR-629-3p 1 IL-8 pro-inflammation asthma (144)

miR-4512 1 TLR4 promote NETosis SLE (23)
CXCL2

miR-let-7b 1 TLR-7 pro-inflammation SLE (145)

miR-125a 1 IL-16 pro-inflammation SLE (146)

miR-223-3p 1 GM-CSF anti-inflammation COPD (147)
TRAF4

miR-1285 1 SP11 pro-inflammation IBD (144)

inhibit tissue repair

miR-23a 1 Lamin B1 inhibit tissue repair 1BD (148)

miR-155 RAD51 pro-inflammation

miR-223 1 IL-18 anti-inflammation AOSD (149)

PGE 2, prostaglandin E2; IL-10, interleukin-10; MKNK1, mitogen-activated protein kinase interacting serine/threonine kinase 1; NF-xB, nuclear factor kappa light-chain enhancer of
activated B cells; SOD2, manganese superoxide dismutase, superoxide dismutase 2; VCAM-1, vascular cell adhesion molecule-1; TLR4, toll-like receptor 4; NLRP3, Nucleotide-binding
oligomerization domain, leucine-rich repeat and pyrin domain-containing 3; Th17, helper T cell 17; WNT, Wingless-Type MMTV Integration Site Family; CXCL2, Chemokine(C-X-Cmotif)
ligand10; GM-CSF, granulocyte monocyte-colony stimulation factor; TRAF4, (TNF) tumor necrosis factor-receptor-associated factor 4; SP11, S-locusprotein 11; RAD51, a homologous
recombination regulator homologous recombination; SLE, Systemic lupus erythematosus; COPD, chronic obstructive pulmonary disease; IBD, inflammatory bowel disease; AOSD, Adult-

onset Stil’'s disease.

1 Represents expression level rises.
| Represents expression level decreases.
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miRNA Expression level Target Function Chronic diseases Ref.
miR-342-5p % Akt1 pro-inflammation in early AS (197)
miR-155 % CSF-1 inhibit macrophage lesion in early AS (178)
miR-92a 1 KLF2 pro-inflammation in early AS (198)
miR-383 Parg promote macrophage survival in early AS (199)
miR-10a 1 LCoR promote lipid metabolism in early AS (200)
miR-10b 1 ABCA1 reduclate plaque in advanced AS (201)
miR-155 Bcle pro-inflammation weaken efferocytosis in advanced AS (22)
miR- 302a ABCA1 promote lipid metabolism in advanced AS (202)
miR-155 1 CEH inhibit foam cell AS (203)
miR-17-5p 1 NF-xB promote lipid metabolism AS (25)
miR-34a 4 ABCG1 pro-inflammation AS (204)
liver X receptor o
miR-146a SOD2 pro-inflammation AS (131)
miR-140a % IL-10 pro-inflammation AS (205)
miR-21-3p G PTEN promote tissue repair AS (206)
miR-34a 1 KLF4 pro-inflammation promote insulin resistance Obesity (207)
T2DM
miR-210 NDUFA4 promote insulin resistance Obesity (208)
T2DM
miR-690 i Nadk insulin sensitizer Obesity (209)
T2DM
miR-467a-5p () THBS1 prevent insulin resistance Obesity (210)
T2DM
miR-505-3p 1 RUNX1 pro-inflammation Obesity 211)
T2DM
miR-29 1 TRAF3 pro-inflammation Obesity (212)
T2DM
miR-712 4 LRRK2 anti-inflammation Obesity (213)
T2DM
miR-128-2 1 ABCA1 promote lipid metabolism Obesity (214)
ABCG1 T2DM
RXRa
miR-33a 1 ABCA1 inhibit lipid metabolism Obesity (24)
ABCG1 T2DM
miR-221-3p 4 JAK3 pro-inflammation RA (215)
miR-29b 1 HBP1 pro-inflammation RA (216)
miR-132 1 COx2 promote osteoclastogenesis RA 217)
miR-574-5p 1 TLR7/8 promote osteoclastogenesis RA (218)
miR-20a 1 RANKL inhibit osteoclastogenesis RA 219)
miR-6089 1 TLR4 inhibit osteoclastogenesis RA (220)
miR-148a i GP130 pro-inflammation IBD (221)
IKKo
IKKB
IL1R1
TNFR2
miR-590-3p ¥ LATS1 anti-inflammation promote tissue repair IBD (222)
miR-378a-5p 1 NLRP3 anti-inflammation promote tissue repair IBD (223)
miR-142-5p 1 SOCst promote fibrosis liver cirrhosis (26)
miR-130a-3p 1 PPARy promote fibrosis liver cirrhosis (26)
miR-4512 ) TLR4 pro-inflammation SLE (23)
CXCL2
miR-20a 1 IL-18 anti-inflammation AOSD (149)
miR-181b 1 PKC8 regulate macrophage polarization Myocardial infarction (224)

Akt1, serine/threonine protein kinase 1; CSF-1,colony-stimulating factor-1; KLF2,Kriippel-like factor 2; Parg, poly(ADP-ribose)-glycohydrolase; LCoR, ligand-dependent nuclear receptor
corepressor; Bcl6, B-cell lymphoma 6 protein; RXRe,, Retinoid X receptors o; ABCA1, ATP-binding cassette transporter A1; ABCG1, ATP-binding cassette subfamily G member 1; JAK3,
Janus kinase 3 tyrosine-protein kinase; COX, Cyclooxygenase; IKK, inhibitor of nuclear factor kappa-B kinase; PTEN, phosphatase and tension homologue deleted from chromosome 10;
KLF4, Kriippel-like factor 4; NDUFA4, NADH dehydrogenas, ubiquinone 1 alpha subcomplex 4; THBS1, thrombospondin 1; IL1R1, interleukin 1 receptor type 1; TNFR2, TNF receptor
superfamily member 1b; TRAF3, TNF-receptor-associated factor 3; NF-xB, nuclear factor kappa light-chain enhancer of activated B cells; HBP1, the high-mobility group box-containing
protein 1; TLR, Toll-like receptor; RANKL, receptor activation of nuclear factor-«B ligand; NLRP3, NOD-like receptor family, pyrin domain-containing 3; SOCS1,suppressor of cytokine
signaling 1; PPARY, peroxisome proliferator-activated receptor y, PKC§,protein kinase C & AS, atherosclerosis; T2DM, diabetes mellitus type 2; AR, rheumatoid arthritis; IBD, inflammatory
bowel disease; SLE, Systemic lupus erythematosus; AOSD, Adult-onset Still's disease.
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Target gene Primer sequence

pten Forward: 5-AGGGACGAACTGGTGTAATGA-3’
Reverse: 5'-CTGGTCCTTACTTCCCCATAGAA-3'

pi3k Forward: 5'-GCCCAGGCTTACTACAGAC-3’
Reverse: 5'-AAGTAGGGAGGCATCTCG-3’

akt Forward: 5'-AGTCCCCACTCAACAACTTCT-3’
Reverse: 5'-AAGTAGGGAGGCATCTCG-3’

B-actin Forward: 5'-TGATGATATCGCCGCGCTC-3"
Reverse: 5-CCATCACGCCCTGGTGC-3

spc Forward: 5'-AAGAGATCCCTCTCCCAGCA-3’
Reverse: 5-TGGGGTTTGCCGCCATC-3"

aqps Forward: 5'-CCCTGCGGTGGTCATGAA-3’

Reverse: 5'-CAGTCCTCCTCCGGCTCATA-3'
claudind Forward: 5'-CTCTCGCCTCCTCCACGTTACTC-3'
Reverse: 5'-AGGGTAGGTGGGTGGGTAAG-3’
keratin8 Forward: 5'-CTCCGGCAGATCCATGAAGA-3’
Reverse: 5'-GCTCGGCTGCGATTGG-3’

spc, surfactant protein C; agp5, aquaporin 5.
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Mouse
strain

C57BL/6

C57BL/6

C57BL/6

C57BL/6

C57BL/6,
BALB/c

CBA/
NSlc

DBA/2

129/0la
+ C57BL/
6] mice
CBA/Ca
BALB/c

C57BL/6

C57BL/6

C57BL/6

C57BL/6

C57BL/6
-
Pyl7XNL

., Intraperitoneal; i.v., Intravenously;

Parasite strain/Load/
route of infection

Transgenic P.berghei ANKA
expressing ovalbumin (PbTg)
infected RBC/5*10"iv
Transgenic P.berghei ANKA
expressing ovalbumin (PbTg)
infected RBC/5*10"i.v.
P.berghei -ANKA infected
RBC/1*10%i.p.

P.berghei -ANKA infected
RBC/1*10%/iv.

P.berghei -ANKA and NK65
infected RBC/1*10°/i.p.

P.berghei -ANKA infected
RBC/1*10%i.p.

P.berghei -ANKA infected
RBC/1*10°/NA

P.berghei -ANKA infected
RBC/1*107/NA

P.berghei -ANKA infected
RBC/1*10%i.p.
PyMDR/NA

P.chabaudi AS infected RBC/
1*10"/i.v.

P.chabaudi AS infected RBC/
1#10%iv.

P.chabaudi AS infected RBC/
110"iv.

P. yoelli 17XNL infected
RBC/2*10"iv.

P. yoelli 17XNL infected
RBC/2*10%/i.v.

Procedure for neutro-
phil depletion

250 pg of anti-GR1(day 0 of
infection or day 3-5 p.i for 30
mins i. p')

250 pg of anti-GR1(day 3 and
day 5i.p)

200 pg of anti-CXCL10
(between day 3 and 9 p.i)

Pulmozyme (5mg/kg for
every 8h i.p.)

Immunization with rPbTatD
or rPcTatD (50 g intra-
muscularly every 14 days).

250 ug of anti-GR1 (day 1 or
day 5i.p.)

anti-GR1(0.2mg on day 1 p.i)
anti-GR1(1mg on day 6 post
infection i.p.)
anti-GR1(0.5mg on day 5

post infection i.p.)

anti-GR1(day 3 until day 7
post infection i.p.)

DNase™

NE/PR3-/-
Anti-G-CSF (day 7 post
infection i.v.)

MPO-/-

Anti-Ly6G (500 pg i.p.)

Strategy of neutrophil
detection

Flow cytometry on blood
samples: CD11b* Ly6C™ Ly6G*

Flow cytometry on blood
samples: CD45+ Ly6C™ Ly6G+

Flow cytometry on spleen
samples: Ly6G+

Not Applicable

Not Applicable

Tail blood

Flow cytometry on blood

samples and microscopy of blood

smear

Flow cytometry on blood
samples: GR1+

Microscopy of blood smear
Not Applicable

Flow cytometry on blood
samples: CD45+ CD3- Ly6G/
Chi

Flow Cytometry on blood
samples: CD45+ CD3- Ly6G/
Chi

Flow Cytometry on blood
samples: CD45+ CD3- Ly6G/
Chi

Not Applicable

Flow Cytometry on blood

samples: CD11b+ Ly6Cint GR1+

Outcome of neutrophil depletion

CM developed on day 6 post infection, survival
rate was 80% and no effect on parasitemia level.

Decreased CM development on day 6 p.i, high
survival rate and no effect on parasitemia level.

High CM, low survival rate and low parasitemia
level.

Low survival rate at 20%, 100% mortality by day
10 post infection and parasitemia increased day 6
pi.

100% survival rate and reduced parasitemia level.

no CM development (low hemorrhage), survival
rate was 90% by day 10 post infection and no
effect on parasitemia level.

Low MA-ARDS development, survival rate was
90% by day 10 post infection and no effect on
parasitemia level.

There was 60%-80% of CM development and
survival rate was 0% after 24h of CM
development.

BBB was not disrupted, delayed death and high
survival rate (80%).

Low liver injury (low AST, ALT and ALP levels?).

Low liver injury, low AST level and no effect on
parasitemia level.

Low liver injury, low AST level and no effect on
parasitemia level.

Low liver injury, low AST level.

Not determine, however no effect on parasitemia
level on day 6-12 post infection, parasitemia level
increased after day 12 post infection.

Not determine, however no effect on parasitemia
level.

.i, Post infection; i.m., Intramuscularly; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase.

Ret.

(74)

(74)

(68)

(49)

(52)

(67)

(17)

(75)

(76)

(77)

(53)

(53)

(53)

(78)

(78)
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Plasmodium
Spp-

P. yoelii
nigeriensis

P. yoelii
nigeriensis

P. yoelii
nigeriensis

P. fragile

P. yoelii
nigeriensis
P. yoelii
17XNL
P. yoelii
17XNL

Bacteria
Strain

S. typhimurium
strain (IR715)

S. typhimurium
strain (IR715)

S. typhimurium
strain (IR715)

S. typhimurium
strain (IR715)

S. typhimurium
strain (IR715)

12023-GFP

S. typhimurium
strain (BRD509)

CFU, Colony Forming Unit.

Bacteria
load

1x10°
CEU™.
Not
available
1x10°
CFU.
1x10°
CFU.
1x10%
CFU.
1x10°
CFU

1x10%
CFU.

Route of bacteria
challenge

Intragastric
Intragastric

Intra-

peritoneal

Ligated ilieal loops
Intragastric

Intra-

peritoneal

Intravenous

Time of bacte- End Bacteria-related

ria Co infection point Outcome

Day 10 Day 14 Reduced intestinal
inflammation to NTS

Day 10 Day 11 Increased NTS colonization in
feces.

Day 10 Day  Increased CFU in liver.

12, 13

Day 14, 15 8h Reduced intestinal
inflammation to NTS.

Day 0 Day 5  Increased CFU in liver, spleen
and peyer’s patch and spleen

Day 15 18h Increased CFU in blood,
spleen, and liver.

Day 14, 28 Day Increased CFU in liver

17, 31

Animal
strain

CBA/]
C57BL/6]
CBA/J
Macaca
mulatta
CBA/J

C57BL/6

C57BL/6
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Checkpoint Ligands Expression Pattern Signaling Overview
Inhibitor
PD-1 PD-L1 T-cells, NK cells, monocytes, dendritic cells (67), y8-T SHP1/2 binds cytoplasmic tail -> inhibition of PI3K activation ->
PD-L2 cells (76) blocks Akt activation -> decreased Bcl-xL, IL-2, IFN-y (77-79)
VISTA VISTA Spleen, thymus, bone marrow, leukocyte infiltrates, SH2/SH3 binding -> STAT pathway activated -> inhibition of
VSIG3 macrophages, monocytes, dendritic cells, T-cells, APCs  MAPK and NFxB pathways (80, 81)
PSGL-1 (69)
HVEM TNF Fetal lung and kidney; adult spleen and peripheral blood  Recruitment of TRAF2 and TRAF5
LTo leukocytes (70) -> transcription factor activation (eg NFxB and AP-1) (70)
LIGHT
BTLA
CD160
HSV glycoprotein D
BTLA HVEM Spleen, lymph nodes, CD4* T-cells, B-cells, dendritic Recruitment of SHP1/2 -> dephosphorylation of PI3K (83)

cells (82)
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4.9556, 13.0505, 35.9238
-13.8137, 15.0141,
-26.6268
12,4244, 45.2819, 24.0306
21.0350, 20.1995, 58.5490
-9.7242, 3.4762, 37.1244
16.8398, -12.7995,
224897
28.2195, 5.26228, 11.3812
31.4186, 12.7432, 11.4012
27.7039, 2.0436, 4.6478
-32.2287, -38.6579,
-184.9843
-3.0303, -7.6424, 24.3050
-3.5261, 0.78590,
-35.4501
14.9144, -1.0736, 55120
-13.8137, 15.0141,
-26.6268
3.5789, 9.2703, 26.5332
28.9641, 58.5570, -8.2719
15.3645, 18.2322, 11.2332
21.6653, 68.3753, 106.167
14.0064, 29.3300, 53.1901
0.4785, -2.1111,
-19.74544

RMSDA

0.6596
1.9704

1.1059
1.123
0.8398
0.4607

0.702
0.4013
0.2254
0.6297

0.3023
0.4392

1.0171
0.7064

0.8465
17115
0.3888
1.1247
0.4731
0.5851

-CDOCKER ENERGY (kcal/
mol)
of the original
ligand

41,645
27.8811

26.7258
5.4287
21.8394
25.636

31.6881
27.683
6.2037

3.26707

22.4897
35.275

36.3647
58.539

211287
84.4747
32.9185
51.0165
25.4934
17.0889

The number of
successful
components

16 (72.23%)
19 (86.36%)

17 (77.27%)
20 (90.91%)
19 (86.36%)
19 (86.36%)

19 (86.36%)
17 (77.27%)
17 (77.27%)
20 (90.91%)

17 (77.27%)
19 (86.36%)

19 (86.36%)
18 (81.82%)

20 (90.91%)
22 (100.00%)
19 (86.36%)
20 (90.91%)
19 (86.36%)
18 (81.82%)

The number of
-CDOCKER ENERGY
higher
than 80% of
the original ligand

1 (4.55%)
5 (22.73%)

6 (27.27%)
13 (59.09%)
10 (45.45%)
3 (13.64%)

4(18.18%)
3 (13.64%)
3 (13.64%)
13 (69.09%)

3 (13.64%)
2 (9.09%)

3 (13.64%)
0 (0.00%)

5 (22.73%)
0 (0.00%)
3 (13.64%)
1 (4.55%)
10 (45.45%)
6 (27.27%)
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